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I. INTRODUCTION 

The purpose of Phase I of t h i s  program w a s  t o  determine the  s t a b i l i t y  

c h a r a c t e r i s t i c s  of var ious  i n j e c t o r s  using high combustion chamber p re s su res  

with t h e  cryogenic p r o p e l l a n t s ,  hydrogen and oxygen. 

t he  most p a r t  were charac te r ized  under previous programs a t  Aero je t ,  NASA, and 

o t h e r  government subcont rac tors .  The remaining des ign  f e a t u r e  t o  b e  eva lua ted  

on the  coax ia l  i n j e c t o r  w a s  t h e  effect of i n j e c t i o n  dens i ty  on combustion 

s t a b i l i t y .  This e f f e c t  w a s  evaluated during t h e  test po r t ion  of t h i s  program 

i n  an annular  combustion chamber. 

Coaxial  i n j e c t o r s  f o r  

Combustion s t a b i l i t y  co r re l a t ions  based on Sens i t i ve  Time Lag Theory 

r equ i r e  an accu ra t e  d e f i n i t i o n  of t h e o r e t i c a l  cons idera t ions .  

p a r t  of t h e  i n v e s t i g a t i o n  necessary t o  advance cu r ren t  knowledge i n  combustion 

s t a b i l i t y  w a s  t h e  advancement of Sens i t i ve  Time Lag Theory. 

t he  b a s i c  theory w a s  t h e  add i t ion  of terms t o  account f o r  h igher  combustion 

chamber Mach numbers and an extension of the  cu r ren t  model t o  inc lude  t h e  

t o r o i d a l  o r  annular  combustors. 

Consequently, 

A refinement t o  

A s  p a r t  of t h e  experimental  program an experimental  t o o l ,  t he  

"Transverse Exc i t a t ion  Chamber ," w a s  designed and t h e  f e a s i b i l i t y  of using t h i s  

t o o l  t o  measure t h e  frequency s e n s i t i v i t y  of a p a r t i c u l a r  i n j e c t o r  demonstrated. 

Many prel iminary designs were evaluated p r i o r  t o  t h e  s e l e c t i o n  of t he  

designs f ab r i ca t ed  and t e s t e d  on t h i s  program. 

Phase I w a s  scheduled f o r  1 2  months of t echn ica l  e f f o r t ,  bu t  w a s  extended 

t o  15 months t o  inc lude  a d d i t i o n a l  hardware f a b r i c a t i o n .  

Page 1 
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11. SUMMARY 

A. SUMMARY OF PROGRAM 

The s t a b i l i t y  cha rac t  ri  t i c s  of two i n j e c t i o n  oncept t o  be  us d 

i n  advanced i n j e c t o r s  f o r  high chamber p re s su re ,  hydrogen/oxygen systems were 

determined on t h i s  phase of t h e  program. The two i n j e c t i o n  concepts t e s t e d  

w e r e :  coax ia l  with c e n t r a l  o x i d i z e r  and 30" included angle  f u e l  impingement; 

and t r i p l e t  i n j e c t o r s  with 60' included ang le  oxidizer-fuel-oxidizer  p a t t e r n .  

Ana ly t i ca l  model developments w e r e  advanced f o r  t h e  Sens i t i ve  T ime  Lag Theory, 

and a research t o o l  termed "Transverse E x c i t a t i o n  Chamber" w a s  demonstrated. 

A n a l y t i c a l  model developments included expansion and refinement of 

t h e  e x i s t i n g  Sens i t i ve  T i m e  Lag model t o  inc lude  annu la r  combustion chambers 

and i n i t i a t i o n  of analyses  t o  inc lude  feed system coupled p res su re  o s c i l l a t i o n s  

as encountered wi th  t h e  s t aged  combustion system. 

The second major t a s k  cons i s t ed  of t e s t i n g  i n j e c t o r  p a t t e r n s  in an 

annular  t h r u s t  chamber. I n j e c t o r s  designed and f a b r i c a t e d  f o r  t h i s  t a s k  

included one coax ia l  and two ve r s ions  of  one b a s i c  t r i p l e t  element p a t t e r n .  

The coaxial  i n j e c t o r  w a s  pa t t e rned  a f t e r  an i n j e c t o r  t e s t e d  on Contract 

NAS 8-11741, except t h a t  t h e  i n j e c t i o n  dens i ty  ( t o t a l  p r o p e l l a n t  flow rate p e r  

p ro jec t ed  i n j e c t o r  f a c e  a r e a )  w a s  nea r ly  doubled. 

pa t t e rned  a f t e r  a design being considered f o r  NASA's Advanced Cryogenic Rocket 

Engine. The major d i f f e r e n c e  between t h e  two ve r s ions  of  t h i s  i n j e c t i o n  

p a t t e r n  is  t h a t  one has nea r ly  twice the  i n j e c t i o n  dens i ty  of t he  o the r .  

Seven tests on t h e  coax ia l  i n j e c t o r  were made under t h i s  task.  

i n j e c t o r s  were a l s o  f a b r i c a t e d .  

The t r i p l e t  i n j e c t o r s  were 

Two t r i p l e t  

The t h i r d  major t a s k  cons i s t ed  of t h e  design,  development, and 

demonstration of a r e sea rch  t o o l ,  t h e  "Transverse E x c i t a t i o n  Chamber .I1 This 

combustor is  a v a r i a b l e  ang le  s e c t o r  chamber t h a t  can be  v a r i e d  from 9 t o  36" 

Page 2 
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11, A, Summary of Program (cont.)  

and is used t o  determine t h e  relative s e n s i t i v i t y  of i n j e c t i o n  elements t o  

i n s t a b i l i t y .  

prel iminary r e s u l t s  on i ts  e f f ec t iveness  as a research  t o o l .  

Six tests conducted wi th  t h i s  combustion chamber y ie lded  

A d e t a i l e d  ana lys i s  of combustion s t a b i l i t y  da t a  obtained during the  

t e s t i n g  of t h i s  program is  included i n  t h i s  r e p o r t ,  and co r re l a t ions  wi th  

r e s u l t s  from tests conducted on o the r  programs were made. Considerable 

i n j e c t o r  design s t u d i e s  w e r e  conducted on t h i s  program. 

B. TASK I: ANALYTICAL MODEL DEVELOPMENT 

1. Annular Combustor Analysis 

Analy t ica l  t a sks  on t h i s  program included t h e  extension of 

t h e  b a s i c  Sens i t i ve  Time Lag model f o r  c y l i n d r i c a l  combustion chamber t o  

inc lude  annular  chambers. A prel iminary a n a l y s i s  f o r  t h e  gas-generator-fed 

staged combustion system w a s  a l s o  made. 

The a n a l y s i s  f o r  t h e  annular  combustion chamber f i t s  i n t o  the  

bas i c  framework of t h e  c y l i n d r i c a l  chamber a n a l y s i s ;  a few minor modif icat ions 

are required.  I n  t h e  gene ra l  s o l u t i o n  of t h e  pressure  pe r tu rba t ion  equat ion 

by using sepa ra t ion  of v a r i a b l e s  technique t h e  s o l u t i o n  is: 

Three ord inary  d i f f e r e n t i a l  equat ions f o r  Po(z), +o( r )  and 

B o  (e) are obtained. 

The s o l u t i o n  f o r  t he  annular  combustion chamber case  is 

concerned wi th  t h e  s o l u t i o n  of I), ( r ) .  

is a Bessel equat ion of t h e  form: 

The d i f f e r e n t i a l  equat ion f o r  J, 

. r )  

( r )  0 

i V n ( r )  - AJV(Svn r )  4- BYv (S 
Vl7 
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11, B,  Task I: Analy t i ca l  Model Development (cont . )  

where: = Bessel func t ion  of t h e  f i r s t  k ind  
JV 

sV n 

Yy = Bessel func t ion  of t h e  second kind 

= t h e  t r a n s v e r s e  mode number 

By consider ing t h e  c y l i n d r i c a l  chamber case and t h e  i n n e r  w a l l  

f o r  t h e  annular  case s e p a r a t e l y  and s o l v i n g  t h e s e  two r e l a t i o n s h i p s  simulta- 

neously one ob ta ins  t h e  fol lowing r e s u l t :  

0 

The s o l u t i o n  of t h i s  equat ion de f ines  t h e  t r ansve r se  a c o u s t i c  

mode number, S f o r  annular  chambers. This equat ion has been solved i n  

published l i t e r a t u r e  and values  of S 
vrl 

w i l l  a l ter  t h e  frequency of t h e  t r ansve r se  mode from t h e  c y l i n d r i c a l  case. 

vn ' 
are l i s t e d .  Annular combustion chambers 

The configurat ion of t h e  exhaust nozzle  a f f e c t s  t h e  nozz le  

admittance c o e f f i c i e n t  i n  much the  same manner as f o r  t h e  c y l i n d r i c a l  combustion 

chamber nozzle.  The a n a l y s i s  f o r  t h e  annular  nozzle  i s  d i f f e r e n t  p r imar i ly  i n  

t h e  determination of t h e  l o c a l  con t r ac t ion  r a t i o .  This i s  accomplished i n  t h e  

computer program by inpu t ing  both t h e  i n n e r  and o u t e r  r a d i i  of t h e  chamber 

and th roa t .  

2. Staged Combustion Model 

The system s e l e c t e d  f o r  t h e  s t aged  combustion model c o n s i s t s  

of (1) p r o p e l l a n t  feed system, (2) primary combustor, (3) secondary combustor, 

and ( 4 )  a tu rb ine .  The approach taken w a s  t o  assume t h a t  t h e  engine design 

parameters are given. The i n s t a b i l i t y  zones are then ca l cu la t ed  f o r  t h e  

secondary combustor f o r  assumed values  of t h e  primary combustion parameters 

The s h i f t  of t h e  i n s t a -  (np9 T ) and t h e  t o t a l  t i m e  l a g  of t h e  h o t  gas T 

b i l i t y  zones as t h e s e  combustion parameters are v a r i e d  shows t h e  n a t u r e  of t h e  

i n t e r a c t i o n  between t h e  two combustors. 

FS e P 
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11, B, Task I: Analy t ica l  Model Development (cont . )  

The f i r s t - o r d e r  a n a l y s i s  involves  t h e  following assumptions: 

t he  p rope l l an t s  are incompressible,  t he  feed  l i n e s  are s h o r t ,  t he  combustion 

i s  concentrated a t  t h e  i n j e c t o r ,  and mean chamber Mach numbers are small. 

A s  a genera l  r e s u l t  o f  t h i s  a n a l y s i s ,  i t  has  been observed 

t h a t  t h e  t o t a l  t i m e  l a g  is  from 6 t o  10 times l a r g e r  than t h e  s e n s i t i v e  t i m e  

l a g ,  Consequently, f o r  f requencies  of i n t e r e s t  t o  high frequency i n s t a b i l i t y ,  

the e f f e c t s  of  t he  feed system terms w i l l  tend t o  average over t h e  f i n i t e  

length of t h e  combustion zone. 

required f o r  a tomizat ion,  vapor iza t ion ,  mixing, and hea t ing  of t h e  p r o p e l l a n t s ,  

some i n t e r a c t i o n  is  l i k e l y  i n  h igh  p res su re  engines -- p a r t i c u l a r l y  i n  t h e  

secondary combustor. 

Since t h e  t o t a l  t i m e  l a g  inc ludes  t h e  t i m e  

C. TASK 11: ANNULAR THRUST CHAMBER ASSEMBLY TESTS 

Annular t h r u s t  chamber assembly hardware cons is ted  of t h r e e  major 

components: (1) i n j e c t o r  wi th  a t tached  axial centerbody, (2) combustion 

chamber, and (3)  annular  nozzle .  Of t h e  i n j e c t o r s  designed f o r  t h e  annular  

combustion chamber, t h ree  were f ab r i ca t ed  and one t e s t e d .  A 600-element 

t r i p l e t  i n j e c t o r  t o  d e l i v e r  60,000 l b  t h r u s t  with a t o t a l  p rope l l an t  weight 

flow of 180 l b / s e c  w a s  f a b r i c a t e d ,  and a 200-element t r i p l e t  i n j e c t o r  t o  

d e l i v e r  20,000 l b  t h r u s t  wi th  60 l b / s e c  t o t a l  p rope l l an t  weight flow w a s  a l s o  

f ab r i ca t ed .  

element coaxia l  i n j e c t o r  w a s  designed, f ab r i ca t ed ,  and t e s t e d  f o r  comparison 

with i n j e c t o r s  previously b u i l t  on Contract NAS 8-11741 e 

To eva lua te  t h e  e f f e c t  of i n j e c t i o n  dens i ty  on s t a b i l i t y  a 54- 

The combustion chamber and centerbody w e r e  a b l a t i v e l y  cooled and 

both centerbody and chamber converged t o  form a t h r o a t .  

i g n i t e r s ,  t h r e e  pulse  guns, e i g h t  high-frequency pressure  t ransducers  and th ree  

s t a t i c  pressure  t ransducers  were loca ted  on t h e  combustion chamber. 

Two pyrotechnic  

Page 5 
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11, C ,  Task 11: Annular Thrust  Chamber Assembly Tests (cont.) 

Tests were conducted at mixture r a t i o s  from 4 t o  6 and chamber 

pressures  of from 1500 t o  2500 p s i a  a t  a constant  p rope l l an t  weight flow of 

180 lb / sec .  

Each i n s t a b i l i t y  p a t t e r n  observed during t h e  annular  t e s t i n g  w a s  

near ly  i d e n t i c a l  i n  i t s  form and w a s  i n i t i a t e d  by t h e  20-grain charge,  using a 

t angen t i a l  pu l se  gun. The peak-to-peak overpressures  of these  i n s t a b i l i t i e s  

ranged from 800 t o  2000 p s i .  The frequency w a s  approximately 2500 Hz, depending 

on the  acous t i c  ve loc i ty  value f o r  each test condi t ion.  

T e s t  No. 7 ,  us ing 200’R hydrogen, experienced -- i n  add i t ion  t o  i t s  

high-frequency i n s t a b i l i t y  - a low-frequency (500 Hz) o s c i l l a t i o n  which 

a t t a i n e d  an amplitude of 750 p s i .  

frequency (100 Hz and 100 p s i )  i n s t a b i l i t y  on Test No. 3,  t h e r e  w a s  no o the r  

i nd ica t ion  of a coupling between t h e  f eed l ines  and t h e  combustion process .  It 

should be pointed out  t h a t  t h e  l a r g e  p re s su re  drops across  the  i n j e c t o r  f ace  

due t o  t h e  s m a l l  o r i f i c e  design r e s u l t  i n  s i g n i f i c a n t  hydraul ic  r e s i s t a n c e s  

i n  the  c i r c u i t .  

Except f o r  one b r i e f  occurrence of a low 

The e f f e c t  of chamber Mach number w a s  evaluated i n  t h i s  series of 

tests by comparing r e s u l t s  with test r e s u l t s  from Contract NAS 8-11741. The 

two Mach numbers used were 0.176 and 0.29. 

This v e r i f i c a t i o n  of t h e  Mach number as an  important c o r r e l a t i n g  

parameter, toge ther  wi th  t h e  work of NASA’s L e w i s  Research Center,  h a s  l ed  t o  

t h e  s e l e c t i o n  of s ix  design parameters as being important i n  combustion 

s t a b i l i t y  eva lua t ions .  

following formula: 

These parameters are func t iona l ly  r e l a t e d  by the  
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11, C,  Task 11: Annular Thrust  Chamber Assembly Tests (cont.)  

where : f = Sens i t i ve  frequency (Hz) 
S 

MC 

di 

= Chamber Mach Number 
- - I n j e c t i o n  o r i f i c e  diameter of 

least v o l a t i l e  p rope l l an t ,  inches 
- - Critical pressure  of least 

v o l a t i l e  t i m e  con t ro l l i ng  
p rope l l an t ,  p s i a  

c r i t  ical  

pC 

F 

Chamber pressure ,  p s i  

Function of t h e  v e l o c i t y  r a t i o  
and impingement angle .  This 
func t ion  i s  not  defined f o r  the  
nonimpinging showerhead coaxia l  
element. 

- - 
= 

This formula may be  used by a des igner  i n  h i s  prel iminary work t o  develop an 

i n j e c t o r  conf igura t ion  whose s e n s i t i v e  frequency i s  d isp laced  from t h e  f i r s t  

t angen t i a l  a c o u s t i c  mode of the  t h r u s t  chamber. These f i r s t  o rder  estimates 

may then be combined wi th  t h e  a n a l y t i c a l  r e s u l t s  of t h e  s e n s i t i v e  t i m e  l a g  

computer program t o  ob ta in  a more d e t a i l e d  engine configurat ion.  Of prime 

importance i s  t h e  o v e r a l l  t rends  which may be observed from changes i n  any of 

the  s i x  design parameters. 

D. TASK 111: TRANSVERSE EXCITATION CHAMBER TESTING 

The concept of a t r ansve r se  e x c i t a t i o n  w a s  o r ig ina t ed  a t  Aerojet  

on a Company-sponsored Independent Research and Development program t o  eva lua te  

t r ansve r se  modes of p re s su re  o s c i l l a t i o n  ( t a n g e n t i a l  i n s t a b i l i t i e s )  and 

s imulate  t h e  p re s su re /ve loc i ty  e f f e c t s  as experienced i n  a rocket  combustion 

chamber. 

i n  t h e  fol lowing paragraphs.  

The t r ansve r se  e x c i t a t i o n  chamber t e s t e d  on t h i s  program i s  descr ibed 
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11, D ,  Task 111: Transverse E x c i t a t i o n  Chamber Testing ( con t , )  

The e x c i t a t i o n  chamber cons i s t ed  of t h r e e  p r i n c i p a l  p a r t s :  

(1) chamber, (2) nozzle ,  and (3) i n j e c t o r  i n s e r t s .  The chamber i s  a 36" s e c t o r  

of a circle 2-1/4 inches i n  he igh t .  

r e s u l t s  i n  a fundamental a c o u s t i c  frequency i n  t h e  t r a n s v e r s e  mode a t  1800 Hz. 

The smallest chamber angle  w a s  9", which r e s u l t s  i n  a chamber a c o u s t i c  frequency 

of 7000 Hz. The height  of t h e  chamber (2.17) inches l i m i t s  t h e  a s soc ia t ed  

a c o u s t i c  frequency t o  g r e a t e r  than 13,000 Hz. 

and t h e  chamber angle  w a s  v a r i e d  by i n s e r t i n g  steel  wedges i n  t h e  combustion 

zone t o  achieve t h e  d e s i r e d  angle.  

t o  f a c i l i t a t e  va r ious  i n j e c t i o n  concepts; a b l a t i v e  l i n e r s  and t h r o a t s  were used 

t o  p r o t e c t  t h e  areas most vulnerable  t o  erosion.  

The 36" s e c t o r  of  t h e  30-inch r a d i u s  

A s i n g l e  chamber design w a s  used 

The O-ring-sealed chamber l i d  i s  removable 

Two t r i p l e t  i n j e c t o r s  were designed and f a b r i c a t e d  f o r  t e s t i n g .  

One w a s  an l l-element t r i p l e t ,  and t h e  o t h e r  w a s  a three-element t r i p l e t  s i m i l a r  

t o  t h e  ll-element t r i p l e t  design i n  a l l  b u t  t h e  o r i f i c e  diameters.  

of t h e  l a r g e r  o r i f i c e  s i z e  was t o  determine t h e  e f f e c t  o f  o r i f i c e  diameter o r  

t h r u s t  p e r  element on combustion s t a b i l i t y .  

i n s e r t s  were t e s t e d  during t h i s  program. 

The purpose 

Only t h e  l l-element i n j e c t o r  

Test ing of t h e  t r a n s v e r s e  e x c i t a t i o n  chamber w a s  conducted t o  

measure t h e  growth rates of spontaneous i n s t a b i l i t i e s  o r  decay rates o f  pulsed 

p res su re  pe r tu rba t ions .  

Mixture r a t i o s  of around 4 and chamber p re s su res  of 1300 t o  1400 p s i  

were evaluated during t h e  test series. Two of t h e  t h r e e  v a l i d  tests ( i n  t h r e e  

tests t h e  f u e l  valve w a s  i nope ra t ive )  a t t a i n e d  t h e s e  condi t ions and both 

experienced spontaneous i n s t a b i l i t i e s .  One test exh ib i t ed  a growth rate of 

650 db/sec,  wh i l e  t h e  o t h e r  test had two d i s t i n c t  growth per iods.  

occurr ing a t  t h e  onse t  of  t h e  i n s t a b i l i t y ,  had a 600 db/sec rate,  wh i l e  t he  

second growth per iod came a f t e r  thermal i g n i t i o n  of  t h e  40 g r a i n  p u l s e  charge 

had d i s rup ted  t h e  i n i t i a l  i n s t a b i l i t y .  

The f i r s t ,  

Its growth rate w a s  330 db/sec.  
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11, D ,  Task 111: Transverse Exc i t a t ion  Chamber Test ing (cont . )  

From t h e  d a t a  obtained,  t h e  i n d i c a t i o n  is  t h a t  over t h e  frequency 

range of 3000 t o  4500 Hz t h e  t r i p l e t  element has  a peak response a t  3300 Hz 
at the  spec i f i ed  s teady  state condi t ions.  This peak response frequency, when 

r e l a t e d  t o  T by t h e  r e l a t i o n s h i p  

compares favorably with previous c o r r e l a t i o n s  of T f o r  t h i s  type of i n j e c t o r .  
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I11 CONCLUSIONS 

1. 

f a c t o r  was examined and w a s  found t o  have a r e l a t i v e l y  minor effect  which 

appears t o  be r e l a t e d  t o  t h e  s e n s i t i v e  frequency as follows: . 

The use  of  combustion chamber Mach number a s  a s t a b i l i t y  c o r r e l a t i n g  

- - S e n s i t i v e  frequency 

Chamber Mach Number 

I n j e c t i o n  o r i f i c e  diameter of least 
v o l a t i l e  p r o p e l l a n t  ( inches)  

Cri t ical  p re s su re  of least v o l a t i l e  
p r o  p e l  1 a n t  (p s i a) 

Chamber p re s su re ,  ( p s i a )  

impingement angle  

S 
f 

- - 
- MC 

di 

'crit 

pC 

- 

- - 

- - 
- Function of t h e  v e l o c i t y  r a t i o  and - F 

2. 

w e r e  pure f i r s t  t a n g e n t i a l  modes pulsed a t  a comparatively low shock level 

(20 g r a i n s ) .  This i n d i c a t e s  t h a t ,  f o r  t h e  ope ra t ing  parameters,  t h e  combustion 

process w a s  c l o s e  t o  i t s  spontaneous o s c i l l a t i o n  regime. 

For t h e  annular  chamber t es t s ,  a l l  recorded h igh  frequency i n s t a b i l i t i e s  

3.  

previous tests with a c y l i n d r i c a l  chamber i n d i c a t e s  a higher  value f o r  t h e  

s e n s i t i v e  t i m e  l a g  (T) and, correspondingly,  a lower s e n s i t i v e  frequency 

value ( s ince  'c = 

design i s  considered. P l ac ing  t h e  centerbody i n  t h e  i n j e c t o r  has two e f f e c t s :  

(1) t h e  centerbody acts as a n  e f f e c t i v e  b a r r i e r  a g a i n s t  t h e  r a d i a l  modes, and 

(2) t h e  i n t e g r a t e d  e f f e c t  of  p r o p e l l a n t  i n j e c t i o n  (mass d i s t r i b u t i o n )  i s  over 

l a r g e r  r a d i a l  d i s t ances  -- o r  i n  a zone of g r e a t e r  t a n g e n t i a l  a c o u s t i c  mode 

s e n s i t i v i t y .  

The incidence of pure modes r a t h e r  than t h e  mixed modes noted wi th  

This conclusion i s  l o g i c a l  when t h e  annular  chamber rr> e 
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111, Conclusions (cont  . ) 

4 .  The f a c t  t h a t  lower pulse  charges t r i g g e r e d  i n s t a b i l i t y  does not  

necessa r i ly  i n d i c a t e  a reduct ion i n  p re s su re  i n t e r a c t i o n  index ( t h e  s e n s i t i v e  

t i m e  l a g  term, n ) .  

due t o  the  f a c t  t h a t  pure modes are i n i t i a t e d  a t  lower n values  than are t h e  

combined modes. 

a c t i o n  index,  n ,  w a s  approximately t h e  same f o r  both t h e  c y l i n d r i c a l  and the 

annular  chamber coax ia l  i n j e c t i o n  test phases ( t h a t  i s  equal t o  approximately 

0.5). 

This apparent increased  combustion s e n s i t i v i t y  could be  

I n  f a c t  i t  i s  a n a l y t i c a l l y  theor ized  t h a t  the pressure  i n t e r -  

5. 
w i l l  g ive  many inexpensive tests and w i l l  eva lua te  many s i n g l e  parameter 

c h a r a c t e r i s t i c s  of an  i n j e c t i o n  p a t t e r n .  A complete spectrum of f requencies  

can be evaluated;  s h o r t  du ra t ion  tests are adequate t o  eva lua te  an i n j e c t o r .  

I n j e c t o r  modules are inexpensive and e a s i l y  replaced;  t h e  removable chamber 

l i d  permits t e s t i n g  of long i n j e c t i o n  elements ( i . e e ,  t u b e l e t  o r  HIPERTHIN), 

s e rv i c ing  of t h e  combustion chamber p r o t e c t i v e  coa t ing ,  and removal and 

replacement of  wedge i n s e r t s .  

The e x c i t a t i o n  chamber has  p o t e n t i a l  as a s t a b i l i t y  r a t i n g  t o o l  which 

6. 

mounted f o r  proper  wave desc r ip t ion .  

It is  recommended t h a t  dynamic h igh  frequency t ransducers  be f l u s h  

7. It is recommended t h a t  t h e  t r ansve r se  e x c i t a t i o n  chamber as a research  

t o o l  be used ex tens ive ly  t o  eva lua te  t h e  e f f e c t  on combustion s t a b i l i t y  of t h e  

var ious i n j e c t i o n  parameters ( i . e .  i n j e c t i o n  v e l o c i t i e s ,  v e l o c i t y  r a t i o ,  f u e l  

temperature o r i f i c e  chambers, i n j e c t i o n  d i s t r i b u t i o n ,  e t c . )  on a v a r i e t y  of 

i n j e c t i o n  concepts ( i - e . ,  t r i p l e t s ,  quad le t s ,  coax ia l ,  HIPERTHIN, e t c . ) .  These 

tests should serve as a s i n g l e  parameter v a r i a t i o n  test and should evaluate a 

range of design and test condi t ions  t o  determine optimum opera t ing  condi t ions 

f o r  combustion s t a b i l i t y  and performance f o r  a given i n j e c t o r  design. 
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111 Conclusions (cont . ) 

8. It is  recommended t h a t  a l i m i t e d  number of  v e r i f i c a t i o n  tests be  

conducted using conventional c y l i n d r i c a l  o r  annular  combustion chambers t o  

eva lua te  t h e  i n j e c t o r s  t e s t e d  i n  t h e  t r ansve r se  e x c i t a t i o n  chamber i n  pulse  

r a t e d  s t a b i l i t y  tests. These tests should serve  as demonstration tests t o  

determine c o r r e l a t i o n s  between conventional i n j e c t o r s  and e x c i t a t i o n  chamber 

r e s u l t s  e 
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I V ,  EXPERIMENTAL TASKS 

A. TEST APPARATUS 

1. General 

The s t a b i l i t y  c h a r a c t e r i s t i c s  of advanced i n j e c t i o n  concepts  

were eva lua ted  on t h i s  program by two methods: 

chamber assemblies  and subsca le  single-parameter eva lua t ions  i n  a t r ansve r se  

e x c i t a t i o n  chamber. The a b l a t i v e l y  cooled f u l l - s c a l e  hardware w a s  t e s t e d  wi th  

a coax ia l  i n j e c t o r  f o r  a n  average test du ra t ion  of 2.0 sec, developing a nominal 

t h r u s t  of 65,000 l b .  

f o r  t e s t i n g  i n  t h e  annular  hardware. 

was  designed s p e c i f i c a l l y  to  determine the  frequency response c h a r a c t e r i s t i c s  of 

s e l e c t e d  i n j e c t i o n  elements on a s i n g l e  des ign  parameter v a r i a t i o n  b a s i s .  

Because of p a r t i c u l a r  des ign  f e a t u r e s  of t he  e x c i t a t i o n  chambers, t he  t h r u s t  

l e v e l  w a s  lower f o r  t h e  high-frequency t e s t i n g  (minimum 2000 l b )  and higher  f o r  

t h e  lower f requencies  (maximum 8000 l b ) .  Figure 1 shows the  f u l l - s c a l e  annular  

hardware mounted on t h e  test s tand  wi th  t h e  c e n t e r  body cone a t t a c h e d ,  

shows t h e  e x c i t a t i o n  chamber with the  l i d  removed and one of t he  wedges 

i n s t a l l e d .  

i n  t he  fol lowing paragraphs.  

f u l l - s c a l e  annular  t h r u s t  

T r i p l e t  i n j e c t o r s  were a l s o  designed and f a b r i c a t e d  

The subsca le  e x c i t a t i o n  chamber hardware 

Figure 2 

Deta i led  d e s c r i p t i o n s  of each system and test hardware are given 

2. Ful l - sca le  Annular Thrust  Chamber Assembly 

The f u l l - s c a l e  annular  t h r u s t  chamber assembly cons i s t ed  of 

t h r e e  major components: (1) i n j e c t o r  w i th  a t t ached  axial  c e n t e r  body, 

(2) combustion chamber, and (3) annular  nozzle .  

assembly were sea l ed  by t h i n  Durabola gaske ts  placed between s e r r a t e d  s e a l i n g  

sur f  aces  

Hot gas  j o i n t s  on t h i s  
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I V ,  A, T e s t  Apparatus (cont.)  

a. I n j e c t o r s  

Three i n j e c t o r s  w e r e  designed and f a b r i c a t e d  f o r  t h e  

annular combustion chamber, and one w a s  t e s t e d .  

c o a x i a l  i n j e c t o r  of t h e  same element design as the  54-element c o a x i a l  i n j e c t o r  

t e s t e d  i n  t h e  14.0 inch-diameter c y l i n d r i c a l  hardware under NAS 8-11741. 

p u l s e  tests were conducted. 

and f a b r i c a t e d  and is  shown conceptual ly  i n  Figure 3 .  It i s  r a t e d  a t  60,000 l b  

t h r u s t  with 180 l b / s e c  t o t a l  weight flow of p rope l l an t .  A second t r i p l e t  

i n j e c t o r ,  using t h e  same i n j e c t i o n  element design b u t  containing only 200 

t r i p l e t  elements and d e l i v e r i n g  approximately 20,000 l b  t h r u s t  with 60 l b / s e c  

t o t a l  weight flow of p r o p e l l a n t ,  w a s  a l s o  designed and f a b r i c a t e d .  

drawing of t h i s  i n j e c t o r  i s  shown i n  Figure 4. 

The u n i t  t e s t e d  w a s  a 54-element 

Seven 

A 600-element t r i p l e t  i n j e c t o r  w a s  a l s o  designed 

A conceptual 

(1) 54-Element Coaxial  I n j e c t o r  

Test ing of c o a x i a l  i n j e c t o r s  on NAS 8-11741 and 

r e s u l t s  from o t h e r  test  programs y ie lded  d a t a  t o  permit evaluat ion of t he  s i z e  

a s p e c t s  of t h e  c o a x i a l  element and t h e  impinging ve r sus  nonimpinging p a t t e r n s ,  

The remaining parameter r e q u i r i n g  eva lua t ion  w a s  t h e  e f f e c t  of chamber Mach 

number and i n j e c t i o n  d e n s i t y .  

ang le  as used on t h e  54-element, t h e  14-inch-diameter c y l i n d r i c a l  i n j e c t o r  of 

last  y e a r ' s  NAS 8-11741 c o n t r a c t  permit ted d i r e c t  c o r r e l a t i o n  between i t  and t h e  

annular  high i n j e c t i o n  d e n s i t y  i n j e c t o r  parameters.  A comparison of t h e  

54-element c y l i n d r i c a l  i n j e c t o r  and t h e  54-element annular  i n j e c t o r  i s  shown 

i n  Table 1. 

Using t h e  same element design and impingement 

Page 14  



Report 20672-PIF 

I V ,  A ,  T e s t  Apparatus (cont . )  

Design d e t a i l s  f o r  t h e  coax ia l  i n j e c t o r  f a b r i c a t e d  

on t h i s  t a sk  (Figures 5 and 6 )  and t h e  design test condi t ion  used i n  computing 

t h e  d e s i g n . d a t a  are shown i n  Table 2.  

(2) High I n j e c t i o n  Density T r i p l e t  I n j e c t o r  

The i n j e c t o r  i s  composed of 600 t r i p l e t  elements 
2 having an i n j e c t i o n  d e n s i t y  of 3 lb / sec- in .  . 

i n  a r a d i a l  r ay  arrangement around an  annulus conforming t o  t h e  annular  

chamber envelope. 

o r i f i c e s  are c e n t r a l  and are loca ted  i n  t h e  cen te r  of t h e  r a i s e d  b a r s ,  The 

two rows of ox id i ze r  o r i f i c e s  on e i t h e r  s i d e  of t h e  f u e l  bar  are loca ted  

0.197 inches below t h e  f u e l  o r i f i c e  e x i t  plane.  

t runcated t r i a n g u l a r  c ros s  sec t ion .  The p a t t e r n  and manifold arrangement are 

shown i n  Figure 3 .  
design parameters are l i s t e d  i n  Table 2,  f o r  comparison with those  of t h e  low 

i n j e c t i o n  dens i ty  t r i p l e t .  

The t r i p l e t  elements are d r i l l e d  

There are 48 r a i s e d  b a r s  around t h e  annulus.  The f u e l  

The r a i s e d  f u e l  bar  has  a 

The remaining high i n j e c t i o n  dens i ty  t r i p l e t  i n j e c t o r  

There i s  a provis ion  f o r  four  b a f f l e s  (one every 

90 degrees) t o  p r o t e c t  t h e  f a c e  from e ros ion  by spinning t a n g e n t i a l  modes of 

i n s t a b i l i t y .  The b a f f l e s  are held i n  p l ace  by b o l t s  and are rep laceable .  

The ox id ize r  o r i f i c e s  are fed  by s l o t s  which r ece ive  p rope l l an t  from a flooded 

annular back p l a t e .  P rope l l an t  i s  suppl ied t o  the  annulus through e igh t  ho les  

connecting t h e  annulus t o  t h e  c e n t r a l  ox id i ze r  supply l i n e .  

t he  o r i f i c e s  by 48 r a d i a l l y  d r i l l e d  holes  which are suppl ied by an o u t e r  annulus.  

The annulus i s  f i l l e d  by s i x  tubes connected t o  the  main f u e l  supply l i n e .  

Fuel i s  fed  t o  

(3) Low I n j e c t i o n  Density T r i p l e t  I n j e c t o r  

The low i n j e c t i o n  dens i ty  t r i p l e t  i n j e c t o r  has  the  

same s i z e  o r i f i c e s  and element geometry as the  above descr ibed i n j e c t o r ,  The 

flow rate, t h r u s t  and number of elements have been reduced by 2/3 t h a t  of t he  

600 t r i p l e t  i n j e c t o r .  The design of t h e  two i n j e c t o r s  is compared i n  Table 3 .  
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I V ,  A ,  Test Apparatus (cont.)  

The f u e l  o r i f i c e s  are f e d  by r a d i a l  ho le s  connected 

t o  a n  o u t e r  annulus.  The annulus is  suppl ied by s i x  tubes connected t o  t h e  

main f u e l  l i n e .  

are plug welded a t  the  o u t e r  circumference t o  prevent intermanifold leakage.  

The r a d i a l  tubes are f e d  from a n  inne r  annulus by means of connecting ho le s .  

A c e n t r a l  l i n e  s u p p l i e s  o x i d i z e r  t o  t h e  annulus through e i g h t  equal ly  spaced 

ho le s  e 

The o x i d i z e r  o r i f i c e s  are f e d  by r a d i a l l y  d r i l l e d  h o l e s  which 

b. Chamber 

An annular  t h r u s t  chamber w a s  used s o  t h a t  t h e  chamber 

a c o u s t i c  frequency would be i n  a s u i t a b l e  range while  i nc reas ing  t h e  i n j e c t i o n  

densi ty .  

on combustion s t a b i l i t y .  

(Contract NAS 8-11741) allowed determinat ion of t h e  e f f e c t s  of a c y l i n d r i c a l  

chamber on combustion s t a b i l i t y  using a comparable c o a x i a l  type i n j e c t o r  

element a t  lower i n j e c t i o n  dens i ty .  The annular  chamber w a s  assembled by 

placing a f langed c y l i n d e r  over  t he  c e n t e r  body a t t a c h e d  t o  t h e  i n j e c t o r .  

The chamber w a s  kept  coo l  by t h e  use of 1/2-inch-thick a b l a t i v e  sleeves on 

both t h e  o u t e r  and inne r  diameters of t h e  annulus.  The chamber can be  seen 

assembled on the  test s tand i n  Figure 1. The i n t e r n a l  chamber dimensions 

are as follows: 

It a l s o  allowed the  determinat ion of combustor conf igu ra t ion  e f f e c t  

Information obtained f o r  a previous program 

Chamber i n s i d e  diameter = 10.50 i n .  

Center body o u t s i d e  diameter = 6.14 i n .  

Chamber e f f e c t i v e  l eng th  = 15.25 i n ,  

Two i g n i t e r s ,  t h r e e  p u l s e  guns, e i g h t  high-frequency t r ansduce r s ,  and t h r e e  

s t a t i c  p res su re  t ransducers  are loca ted  on t h e  combustion chamber as  shown i n  

Figure 7. 
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The chamber and cen te r  body a b l a t i v e  l i n e r s  made a smooth 

t r a n s i t i o n  i n t o  an a b l a t i v e  annular  t h r o a t  by using nozzle  i n s e r t s  held i n  

p lace  by f langed housings.  

obtained by maintaining a cons tan t  f low rate and changing t h e  t h r o a t  area. 

The center  body t h r o a t  diameter remained cons tan t ;  t h e  t h r o a t  diameter of t h e  

i n s e r t  a t t ached  t o  t h e  o u t e r  chamber nozz le  housing w a s  va r i ed  t o  achieve two 

chamber p re s su res ,  

a t t a i n  a uniform expansion with minimum nozzle  l o s s e s ,  thereby providing accu ra t e  

performance measurements. A photograph of t he  chamber and nozzle  mounted 

on the  test s tand viewed from the  nozzle  end i s  shown i n  Figure 1. 

nent  nozzle  design parameters are ou t l ined  i n  Table 4 .  

Chamber p re s su res  of 1500 and 2500 p s i a  w e r e  

A cen te r  body nozzle  extension of g raph i t e  w a s  used t o  

The p e r t i -  

3 .  Transverse Exc i t a t ion  Chamber 

The concept of a t r ansve r se  e x c i t a t i o n  w a s  o r ig ina t ed  a t  

Aerojet  on a Company-Sponsored Independent Research and Development program 

t o  study t r ansve r se  modes of pressure  o s c i l l a t i o n  ( t angen t i a l  i n s t a b i l i t i e s )  

and s imulate  the  p re s su re /ve loc i ty  e f f e c t s  as experienced i n  a rocke t  combustion 

chamber. 

i n  the following paragraphs.  

The t r ansve r se  e x c i t a t i o n  chamber t e s t e d  on t h i s  program is  descr ibed 

a. I n j e c t o r s  

Two t r i p l e t  element p a t t e r n s  were designed and f a b r i c a t e d  

f o r  t e s t i n g  i n  t h e  t r ansve r se  e x c i t a t i o n  chamber. 

and the  o t h e r  w a s  a three-element t r i p l e t  similar t o  t h e  11-element t r i p l e t  

design i n  a l l  but  t h e  o r i f i c e  diameters .  The purpose of t he  l a r g e r  o r i f i c e  

s i z e  w a s  to  determine t h e  e f f e c t  of o r i f i c e  diameter o r  t h r u s t  per  element 

on combustion s t a b i l i t y .  Only t h e  11-element i n j e c t o r  i n s e r t s  were t e s t e d  

during Phase I. 

A summary of t h e  i n j e c t o r  design f e a t u r e s  i s  l i s t e d  i n  Table 5. 

One w a s  an  11-element t r i p l e t ,  

A conceptual  drawing of t h e  two i n j e c t o r s  is  shown i n  Figure 8. 
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The i n j e c t o r  i n s e r t s  are interchangeable  modules t h a t  

o f f e r  f a b r i c a t i o n  economics and test program v e r s a t i l i t y .  I n j e c t o r s  t h a t  

would n o t  f i t  i n t o  t h e  1,8-ine-diameter bore can be  i n s e r t e d  from t h e  l i d  

s i d e ,  then connected t o  t h e  manifold. The i n s e r t s  are sea l ed  by two O-rings 

sea t ed  i n  c i r cumfe ren t i a l  grooves. 

i n s e r t i o n  of a f a s t  response thermocouple t o  monitor f u e l  manifold temperature,  

A p o r t  a t  t h e  base of t h e  i n s e r t  a l lows 

b. Combustion Chamber 

The e x c i t a t i o n  chamber cons i s t ed  of t h r e e  p r i n c i p a l  

pa r t s :  (1) chamber, (2) nozzle ,  and (3) i n j e c t o r  i n s e r t s .  The chamber i s  a 

36" s e c t o r  of a circle 2-1/4 inches i n  he igh t .  

i s  shown i n  Figure 9.  
fundamental a c o u s t i c  frequency i n  t h e  t r a n s v e r s e  mode a t  1800 Hz. The smallest 

chamber ang le  w a s  9", which r e s u l t s  i n  a chamber a c o u s t i c  frequency of 7000 Hz. 

The height  of t h e  chamber (2.17 in . )  l i m i t s  t h e  a s s o c i a t e d  a c o u s t i c  frequency 

t o  g r e a t e r  than 13,000 Hz. 

A drawing of t h i s  chamber 

The 36" s e c t o r  of t h e  30-inch r a d i u s  r e s u l t s  i n  a 

Or ig ina l ly ,  t h e  v a r i a t i o n  i n  frequency w a s  t o  be obtained 

by varying t h e  chamber l e n g t h  t o  determine a c o u s t i c  amplitude growth o r  decay 

rate f o r  va r ious  chamber f requencies .  

Research and Development program ind ica t ed  t h a t  chamber l o s s e s ,  t h e  r e l a t i o n -  

sh ip  of t h e  combustion d i s t a n c e  t o  t h e  a c o u s t i c  f i e l d  amplitude,  and t h e  

phys ica l  l o c a t i o n  of t h e  p u l s e  gun t o  t h e  combustion f r o n t  g r e a t l y  a f f e c t e d  

t h e  response c h a r a c t e r i s t i c s  of t h e  mult iple- length (36' included ang le )  

combustion chambers. 

bus t ion  chambers, a s i n g l e  chamber 30 i n .  long and having a 36" included a n g l e  

was used. The frequency of t h e  a c o u s t i c  mode w a s  v a r i e d  by changing t h e  ang le  

i n  t h e  chamber, using v a r i o u s  wedges i n s i d e  t h e  chamber t o  block p a r t  of t h e  

combustion zone. 

blocked by t h e  wedge. 

included chamber ang le  are l i s t e d  i n  Table 6.  

T e s t  r e s u l t s  from a n  Aerojet  Independent 

To overcome t h e  disadvantages of mult iple- length com- 

Undri l led blank i n j e c t o r  i n s e r t s  seal t h e  i n j e c t o r  bores 

The frequencies  a s s o c i a t e d  wi th  t h e  wedges and the  
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The O-ring sea led  chamber l i d  i s  removable t o  f a c i l i t a t e  

r e p a i r s  and inspec t ion .  

sprayed zirconium oxide coa t ing  0.020 t o  0.040 i n .  t h i c k .  

The combustion chamber w a l l  w a s  p ro tec ted  by a flame 

Abla t ive  l i n e r s  w e r e  bonded t o  t h e  chamber wi th  room- 

temperature vulcaniz ing  s i l i c o n e  rubber RTV-60. 

nozzle  end of t h e  chamber and covered ha l f  of t h e  d i s t a n c e  between t h e  nozzle  

and i n j e c t o r  f ace .  

combustion products and w e r e  used only i n  t h e  nozz le  end t o  avoid a c o u s t i c  

l o s s e s  due t o  t h e  h ighly  abso rp t ive  a b l a t i v e  material. 

They were loca ted  i n  the  

The l i n e r s  served t o  p r o t e c t  t h e  steel  from t h e  hot  e ros ive  

The nozzles  are composed of a housing and a b l a t i v e  

i n s e r t s .  

t r a n s i t i o n  p ieces .  

with t h e  except ion of a molded key. The nozz le  a b l a t i v e  i n s e r t  is  designed t o  

be made from a common mold and i s  bonded i n t o  t h e  nozz le  housing using RTV-60. 

The housing, i n  tu rn ,  i s  bo l t ed  onto t h e  chamber and sea led  by an O-ring. The 

t h r o a t  width f o r  each of t h e  e i g h t  nozzles  i s  shown i n  Table 7 .  

The nozzle  t h r o a t  and e x i t  p lanes  are rec tangular  i n  s e c t i o n  t o  avoid 

The ou t s ide  envelope of t h e  nozzle  i n s e r t  i s  c y l i n d r i c a l  
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B. TEST PROCEDURE 

The 6 0 K  t h r u s t  annual chamber t e  ts were conducted on t h e  C-6 

test s tand and t h e  subscale  ( e x c i t a t i o n  chamber) tests w e r e  conducted on test  

s tand J-1. 

A t o t a l  of 1 3  tests were conducted f o r  t h i s  i n v e s t i g a t i o n ;  seven 

were made using t h e  6 0 K  annular  t h r u s t  chamber and c o a x i a l  i n j e c t o r  hardware. 

The o t h e r  s ix  tests were performed on t h e  t r a n s v e r s e  e x c i t a t i o n  chamber. 

la t ter  tests used a t r i p l e t  i n j e c t o r  p a t t e r n  (0-F-0). 

s a t i s f a c t o r i l y  recorded on a l l  v a l i d  tests. 

These 

High-frequency d a t a  were 

Both series of tests were designed t o  ope ra t e  a t  nominal mixture 

r a t i o s  of from 4 t o  6 and a t  v e l o c i t y  r a t i o s  of from 3.5 t o  approximately 10. 
Chamber p re s su res  of 1500 and 2500 p s i a  were t o  be a t t a i n e d  on the  TCA tests, 

whereas f a c i l i t y  l i m i t a t i o n s  d i c t a t e d  a m a x i m u m  e x c i t a t i o n  chamber p re s su re  i n  

t h e  1500 p s i  range,  

During the  s t eady- s t a t e  p o r t i o n  of each tes t ,  pe r tu rba t ions  were 

introduced i n t o  t h e  chamber i n  a n  at tempt  t o  d i s t u r b  t h e  combustion process .  

Three pu l ses  (20, 40, and 80 g r a i n  charges) were used f o r  t h e  annular  chamber 

tests; a 40-grain p u l s e  w a s  used t o  p e r t u r b  t h e  e x c i t a t i o n  chamber tests. 

1. Full-Scale Test ing ( 6 0 K  Annular Chamber) 

a. General 

The du ra t ion  of a l l  tests w a s  scheduled f o r  2 seconds. Three 

pu l se  charges w e r e  f i r e d  a t  100 mil l isecond i n t e r v a l s .  

allowed pu l s ing  t o  t ake  p l a c e  during t h e  l a s t  p o r t i o n  of t h e  test so  t h a t  a 

r e l i a b l e  va lue  f o r  s p e c i f i c  impulse (I,) could be determined from d a t a  during 

The 2-second d u r a t i o n  
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t h e  e a r l y  p a r t  of t h e  test. 

instruments were used t o  e s t a b l i s h  t h e  thermodynamic p r o p e r t i e s  of t h e  propel- 

l a n t s  and t h e  combustion c h a r a c t e r i s t i c s  wi th in  t h e  chamber. 

S u f f i c i e n t  high frequency, low frequency, and s t a t i c  

b. T e s t  Stand 

An i somet r ic  drawing of test s tand C-6 i s  shown i n  

Figure 10. 

seen i n  Figure 11. 

allows t h e  p rope l l an t s  t o  be suppl ied t o  t h e  engine a t  high pressure  using a 

r e l a t i v e l y  low pressure  i n e r t  gas.  The pressure  is  i n t e n s i f i e d  by amplifying 

f o r c e  through an i n - l i n e  a x i a l  p i s ton  having a l a r g e  diameter gas  inpu t  and a 

small diameter p rope l l an t  output .  

a n  input  of 1700 p s i ,  The p rope l l an t  capac i ty  of t h e  ox id ize r  and f u e l  

i n t e n s i f i e r s  i s  80 and 250 ga l lons ,  r e spec t ive ly .  

r e s t r i c t e d  from t r a v e l i n g  t h e  f u l l  d i s t a n c e  t o  avoid damaging the  head end. 

A p i c t u r e  of t h e  test  s tand showing t h e  i n t e n s i f i e r  layout  can be 

The i n t e n s i f i e r s  are a p o s i t i v e  expulsion device  which 

The i n t e n s i f i e r ' s  output  is 6000 p s i  from 

The i n t e n s i f i e r  p i s t o n  i s  

The amount of p rope l l an t  f lowing t o  t h e  engine w a s  regu- 

l a t e d  by a servo c o n t r o l  system. 

opening of t h e  flow c o n t r o l  va lve  upstream of the  i n j e c t o r  t o  maintain a p r e s e t  

manifold pressure  t h a t  i s  inpu t  t o  t h e  servo system by the  t ransducer  measuring 

i n j e c t o r  pressure .  

of t he  flow c o n t r o l  va lve .  The o r i f i c e  func t ions  t o  decouple low-frequency 

i n s t a b i l i t i e s  i n i t i a t e d  i n  t h e  feed  l i n e s .  

s tand s t r u c t u r e ,  designed t o  withstand a maximum r e a c t i o n  t h r u s t  of 100,000 l b .  

The func t ion  of t h e  servo i s  t o  a d j u s t  t he  

An o r i f i c e  is  provide i n  each p rope l l an t  l i n e  downstream 

The engine i s  held immobile by the  

c .  C h i l l  and F i l l  Procedure 

Hydrogen p rope l l an t  consumption w a s  minimized by a com- 

b ina t ion  of a vacuum j a c k e t ,  which acts as i n s u l a t i o n ,  and a LN2 h e a t  exchanger 
wrapped around the  p rope l l an t  end of t h e  i n t e n s i f i e r .  Liquid n i t rogen  w a s  
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flowed through t h e  tubes u n t i l  a temperature of 140"R w a s  monitored. 

time, t h e  LN 

introduced through t h e  vacuum-jacketed run  l i n e s  t o  t h e  i n t e n s i f i e r  u n t i l  t h e  

system reached l i q u i d  hydrogen temperature (Q35"R). The LH2 temperature w a s  

monitored a t  t h e  i n t e n s i f i e r  ven t ,  t h e  system w a s  considered c h i l l e d  down, f u l l ,  

and ready f o r  t e s t i n g .  Oxidizer w a s  s e rv i ced  i n  a similar manner as t h e  f u e l  

by f i r s t  f i l l i n g  through t h e  i n s u l a t e d  p r o p e l l a n t  l i n e s ,  then topping o f f  

p r o p e l l a n t  through t h e  i n t e n s i f i e r  ven t .  

A t  t h a t  

w a s  then purged from t h e  h e a t  exchanger tubes and l i q u i d  hydrogen 2 

The i n j e c t o r  w a s  p r e c h i l l e d  by flowing LN through t h e  2 
f u e l  c i r c u i t  downstream of t h e  t h r u s t  chamber flow c o n t r o l  valve. 

w a s  monitored a t  t h e  i n j e c t i o n  o r i f i c e  by high response thermocouples; when LN2 

temperature w a s  de t ec t ed ,  t h e  system was  considered s u f f i c i e n t l y  c h i l l e d .  

Temperature 

Gaseous hydrogen (200'R) w a s  obtained by f i l l i n g  t h e  

i n t e n s i f i e r  w i th  a predetermined amount of LH 

from an a u x i l i a r y  supply. The mixture of gaseous and l i q u i d  hydrogen w a s  then 

allowed t o  reach thermal equi l ibr ium be fo re  f i r i n g .  

then i n j e c t i n g  gaseous hydrogen 29 

To produce a smoother s ta r t  and reduce t h e  p o s s i b i l i t y  of 

i g n i t i o n  sp ikes  (overpressures) ,  t h e  o x i d i z e r  and f u e l  p r o p e l l a n t  valves were 

programed t o  produce a n  ox id ize r - r i ch  mixture  r a t i o .  

d .  T e s t  Sequence 

The test  f i r i n g  countdown w a s  s t a r t e d  a f t e r  t h e  f i l l  and 

A test  d u r a t i o n  of 2 seconds w a s  scheduled f o r  each c h i l l  had been completed. 

test. The test  d u r a t i o n  t i m e  i s  def ined as t h e  i n t e r v a l  between FS-1 and FS-2. 

F i r e  switch one (FS-1) w a s  operated manually, i n i t i a t i n g  timers which sequenced 

valves, i g n i t e r s ,  p u l s e  guns, and FS-2. I g n i t i o n  w a s  accomplished by two 
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pyrotechnic i g n i t e r s  which had burn du ra t ions  of 0.75 sec  a t  14.7 p s i .  The 

start w a s  ox id i ze r  r i c h  t o  reduce t h e  p o s s i b i l i t y  of i g n i t i o n  sp ikes  (over- 

pressures) .  The start w a s  accomplished by programing the  ox id ize r  and f u e l  

propel lan t  valve opening t i m e s  and rates so  t h a t ,  as soon as the  va lves  reached 

approximately 80% of t h e  scheduled ful l -open p o s i t i o n ,  t he  servo c o n t r o l l e r  

system w a s  a c t i v a t e d .  

v e r i f i e d  by t h e  record shown i n  Figure 1 2 .  

0.10 second i n t e r v a l s  s t a r t i n g  a t  1.6 seconds. 

state s p e c i f i c  impulse could be obtained from test  d a t a  before  the  t i m e  t h e  pulse  

guns f i r e d .  F i r e  Switch Two (shutdown) could be a c t i v a t e d  by any one of f i v e  

The smooth t r a n s i t i o n  i n t o  s teady-s ta te  opera t ion  w a s  

The t h r e e  pu l se  guns w e r e  f i r e d  a t  

An i n d i c a t i o n  of t h e  steady- 

methods : 

(1) Thrust chamber pressure  switch 

(2) Combustion s t a b i l i t y  monitor 

(3) 
(4) Duration timer 

(5) Manual ove r r ide  

Oxygen o r  f u l l  70% l i m i t  switch 

The sequencer FS-2 command r e s u l t e d  i n  the  opening of 

a l l  bleeds and ven t s  (except run tank ven t )  and the  c losu re  of a l l  o the r  va lves .  

Purges were opened manually p r i o r  t o  FS-1 and were checked by system pressure  

u n t i l  system p res su re  decayed t o  a predetermined l e v e l ,  a t  which po in t  they 

began t o  flow u n t i l  c losed  manually. 

e. Instrumentat ion 

A schematic of t h e  C-6 test s tand  flow and ins t rumenta t ion  

The ins t rumenta t ion  used t o  monitor engine high- diagram i s  shown i n  Figure 13. 

frequency f l u c t u a t i o n s  and t h e i r  l o c a t i o n  i s  shown i n  Figure 7 .  

ins t rumentat ion used are discussed below. 

The types of 
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(1) Pressu re  Measurement 

There are e i g h t  Model 3528 Photocon p res su re  t r ans -  

ducers l oca t ed  i n  t h e  chamber w a l l .  The t ransducers  are loca ted  i n  t h r e e  a x i a l  

planes and f o u r  c i r cumfe ren t i a l  p o s i t i o n s .  The l o c a t i o n s  al low determinat ion 

of t h e  phase, amplitude,  and damping rate of p re s su re  waves i n  the  chamber. 

Planes A, B, and C are loca ted  a t  d i s t a n c e s  of 4.625, 7.925, and 12.125 inches 

from t h e  i n j e c t o r  f a c e ,  r e s p e c t i v e l y .  A l l  t h r e e  planes had t ransducers  l oca t ed  

a t  30 and 120' from top dead cen te r .  

210 and 270' from top dead c e n t e r .  

0.100 inch of t h e  half- inch a b l a t i v e  l i n e r ,  as shown i n  Sect ion A-A of Figure 7 .  

Five o r i f i c e s  d r i l l e d  through the  1/2-inch t h i c k  a b l a t i v e  l i n e r  a t  each 

Photocon l o c a t i o n  allowed chamber p re s su re  o s c i l l a t i o n  t o  be sensed. Pressure 

pe r tu rba t ions  w e r e  introduced by f i r i n g  two pu l se  charges through p o r t s  i n  t h e  

chamber w a l l ,  which were aimed t a n g e n t i a l  t o  t h e  c e n t e r  body diameter.  The 

l o c a t i o n  of t h e  p o r t s  is  shown i n  Figure 7 .  

I n  a d d i t i o n ,  Plane A had two loca ted  a t  

The t ransducers  w e r e  mounted wi th in  

S t a t i c  p re s su re  t ransducers  were loca ted  i n  the  

i n j e c t o r  i n l e t  l i n e s  t o  measure i n j e c t o r  p re s su re .  S t a t i c  chamber p re s su re  

t ransducers  were used t o  measure chamber p re s su re  a t  t h r e e  l o c a t i o n s  on the  

chamber; a t  t h e  i n j e c t o r  f a c e  and 4.62 and 7.925 i n .  from t h e  f ace .  

(2) Temperature Measurement 

A platinum r e s i s t i v e  temperature t ransducer  and 

high-response copper-constantan (C-C) thermocouples were used t o  monitor pro- 

p e l l a n t  temperature a t  t h e  i n j e c t o r  entrance.  

were a l s o  loca ted  i n  t h e  f u e l  manifold t o  monitor temperature p r i o r  t o  i n j e c -  

t i o n .  

w a s  determined by means of a potentiometer a t t ached  t o  t h e  i n t e n s i f i e r  p i s t o n  

s h a f t .  The d e n s i t y  of t h e  p r o p e l l a n t  w a s  obtained from appropr i a t e  equat ions 

of state.  Flow rate w a s  then ca l cu la t ed  as t h e  product of t i m e  rate of change 

of i n t e n s i f i e r  volume and p r o p e l l a n t  d e n s i t y .  

Copper-constantan thermocouples 

The rate of volumetr ic  displacement of p r o p e l l a n t  i n  t h e  i n t e n s i f i e r s  
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I V ,  B, T e s t  Procedure (cont.)  

2. Exc i t a t ion  Chamber Test ing 

a. General 

The du ra t ion  of a l l  tests w a s  scheduled f o r  0.8 t o  

1 .5  sec. 

S u f f i c i e n t  high frequency, low frequency, and s ta t ic  instruments  were used t o  

e s t a b l i s h  t h e  thermodynamic p rope r t i e s  of t h e  p rope l l an t s  and the  combustion 

c h a r a c t e r i s t i c s  wi th in  t h e  chamber. 

A s i n g l e  pu l se  charge w a s  f i r e d  a t  50 mi l l i seconds  p r i o r  t o  FS-2. 

b. T e s t  Stand 

The e x c i t a t i o n  engine w a s  t e s t e d  on T e s t  Stand J-1. A 

p i c t u r e  of t h e  engine mounted on t h e  s tand i s  shown i n  Figure 1 4  and a schematic 

flow and instrumentat ion diagram f o r  Test Stand J-1 is shown i n  Figure 15.  

Propel lan t  w a s  suppl ied t o  t h e  engine by means of a n  80-gallon ox id ize r  in ten-  

s i f i e r  and a 100-gallon-capacity pressur ized  f u e l  tank.  The ox id ize r  in ten-  

s i f i e r  (propel lan t  end only) and run  l i n e s  were g l a s s  f i b e r  i n su la t ed .  The 

f u e l  tank and run l i n e s  were vacuum jacke ted  t o  prevent  excessive hea t  l o s s ,  

The ox id ize r  i n t e n s i f i e r  i s  similar i n  cons t ruc t ion  and opera t ion  t o  the  one 

used f o r  f u l l - s c a l e  tests, as descr ibed i n  Sect ion I I I , B , l , b .  The s p h e r i c a l  

f u e l  tank had a 3500-psi upper pressure  l i m i t  and w a s  p ressur ized  by hydrogen 

gas suppl ied from a cascade,  

shown schematical ly  i n  Figure 15. 

ad jus t ing  t h e  flow of t h e  p re s su r i z ing  gas  i n t o  the  f u e l  tank and ox id ize r  

i n t e n s i f i e r  t o  provide a cons tan t  set  p re s su re  a t  t h e  t h r u s t  chamber va lves .  

An o r i f i c e  w a s  loca ted  j u s t  downstream of t h e  ox id ize r  valve t o  decouple low 

frequency i n s t a b i l i t i e s  a s soc ia t ed  with t h e  feed l i n e s .  The f u e l  tank pressure  

r a t i n g  of 3500 p s i  precluded placement of an  o r i f i c e  i n  the  f u e l  s i d e  s i n c e  the  

sum of t h e  chamber and i n j e c t o r  pressure  drops nea r ly  equaled t h e  t o t a l  a v a i l a b l e  

head. The s tand mount w a s  designed f o r  100,000 pounds of t h r u s t  and could,  

therefore ,  e a s i l y  accept  t h e  2000 t o  8000 pound t h r u s t  t h e  e x c i t a t i o n  chamber 

could d e l i v e r  (I 

A steady f low rate  w a s  maintained by servo c o n t r o l ,  

The servo system con t ro l l ed  flow rate by 
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I V ,  B, T e s t  Procedure (cont . )  

c. C h i l l  and F i l l  Procedure 

The two systems w e r e  c h i l l e d  down by introducing t h e  

p r o p e l l a n t s  i n t o  t h e i r  r e s p e c t i v e  tanks u n t i l  l i q u i d  cond i t ions  w e r e  monitored 

i n  t h e  ven t  s t a c k .  

ox id i ze r  p r o p e l l a n t  system prevented excessive p r o p e l l a n t  consumption by reducing 

h e a t  l o s s e s .  

Vacuum j a c k e t  i n t e n s i f i e r  and r u n  l i n e s  and a n  i n s u l a t e d  

The f u e l  manifold w a s  cooled e x t e r n a l l y  by a LN2 j a c k e t .  

d .  T e s t  Procedure 

There were only minor d i f f e r e n c e s  between the  e x c i t a t i o n  

and f u l l - s c a l e  engine test  procedures discussed i n  Sect ion I I I , B , l , d .  

du ra t ion  of 0.750 seconds w a s  e s t a b l i s h e d  a f t e r  Test -002. The s h o r t  d u r a t i o n  

w a s  t o  minimize hardware damage. The shutdown parameters were t h e  same as f o r  

t h e  f u l l - s c a l e  engine except f o r  t h e  combustion s t a b i l i t y  monitor (CSM). The 

shor tnes s  of t h e  du ra t ion  made a CSM func t ion  needless  s i n c e  t h e  o x i d i z e r  and 

f u e l  valve c l o s i n g  t i m e s  were of t h e  same o rde r  of magnitude as the  du ra t ion .  

The ox id ize r  valve w a s  opened f i r s t ,  followed by t h e  f u e l  valve opening, t o  

r e s u l t  i n  an o x i d i z e r  l ead  s o  t h a t  chamber overpressure could be avoided. 

A start t r a n s i e n t  of a t y p i c a l  test i s  shown i n  Figure 16.  

A test  

The s i n g l e  10-grain p u l s e  gun w a s  f i r e d  a t  FS-2. By so  

doing, a spontaneous i n s t a b i l i t y  would be  allowed, and t h e  t i m e  t h a t  e lapsed 

while  t he  valves closed w a s  s u f f i c i e n t  t o  determine decay o r  growth va lues .  

e. Instrumentation 

The parameters necessary t o  eva lua te  t h e  experimental 

c h a r a c t e r i s t i c s  t o  determine t h e  combustion s t a b i l i t y  of advanced i n j e c t o r s  

included p rope l l an t  f low rate, p re s su re ,  temperature,  and amplitude and 

frequencies  of chamber p re s su re  o s c i l l a t i o n s .  A schematic of t h e  J-1 test 

s tand flow and instrumentat ion i s  shown i n  Figure 15. 
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I V ,  B, Test Procedure (cont.)  

(1) Pressure  Measurement 

There w a s  one Model 35211 Photocon t ransducer  

loca ted  i n  t h e  chamber w a l l  and one loca ted  i n  t h e  chamber l i d .  Both t rans-  

ducers were loca ted  approximately 1-1/2 inches from t h e  i n j e c t o r  f a c e ,  and the  

water-cooled f a c e  of t h e  t ransducer  w a s  f l u s h  wi th  t h e  combustion chamber w a l l .  

The Photocon t ransducers  w e r e  used t o  measure o s c i l l a t o r y  p re s su re ,  Pressure  

per turba t ions  were introduced by f i r i n g  a 10-grain pulse  charge i n t o  the  com- 

bus t ion  chamber using a squ ib - in i t i a t ed  Mod V pulse  gun. The l o c a t i o n  of t h e  

pulse  gas  p o r t s  are shown i n  Figure 9. 

S t a t i c  p re s su re  t ransducers  were used t o  measure 

i n j e c t o r  pressure .  Two s ta t ic  chamber pressure  t ransducers ,  connected i n  

p a r a l l e l ,  were loca ted  approximately 1 i n .  from the  i n j e c t o r  f a c e  and were 

used t o  measure chamber pressure .  

(2) Temperature Measurement 

A platinum r e s i s t i v e  temperature t ransducer  and a 

high-response copper-constantan (C-C) thermocouple were used t o  monitor propel-  

l a n t  temperature a t  t h e  i n j e c t o r  entrance.  S i x  f a s t  response C-C thermocouples 

were loca ted  i n  t h e  f u e l  manifold t o  monitor temperature p r i o r  t o  i n j e c t i o n .  

(3) Flow Measurement 

The rate of volumetr ic  displacement of ox id i ze r  i n  

t h e  i n t e n s i f i e r  w a s  determined by a potent iometer  a t t ached  t o  the  i n t e n s i f i e r  

p i s ton .  Oxidizer flow rate w a s  then c a l c u l a t e d  as t h e  product of i n t e n s i f i e r  

volumetric t i m e  rate of change and p rope l l an t  dens i ty .  

measured with a turbine-type flowmeter. 

i s  shown i n  Figure 15. 

Fuel flow rate w a s  

A schematic of t h e  instrument l o c a t i o n s  
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I V ,  Experimental Tasks (cont .) 

C. TEST RESULTS 

1. Annular Thrust  Chamber 

A t o t a l  of 7 tests were conducted with t h e  annular t h r u s t  

chamber using t h e  c o a x i a l  i n j e c t o r  p a t t e r n  (Figure 5 ) .  

Each i n s t a b i l i t y  p a t t e r n  observed during the  annular  t e s t i n g  

w a s  nea r ly  i d e n t i c a l  i n  i t s  form and w a s  i n i t i a t e d  by t h e  20-grain charge,  

using a t a n g e n t i a l  p u l s e  gun. 

b i l i t i e s  ranged from 800 t o  2000 p s i .  

depending on t h e  a c o u s t i c  v e l o c i t y  va lue  f o r  each test  condi t ion.  

The peak-to-peak overpressures  of t hese  i n s t a -  

The frequency w a s  approximately 2500 Hz, 

Test N o .  7 ,  using 200'R hydrogen, experienced--in a d d i t i o n  t o  

i t s  high-frequency i n s t a b i l i t y - - a  low-frequency (500 Hz) o s c i l l a t i o n  which 

a t t a i n e d  a n  amplitude of 750 p s i .  Except f o r  one b r i e f  occurrence of a low- 

frequency (100 Hz and 100 p s i )  i n s t a b i l i t y  on Test No. 3 ,  t h e r e  w a s  no o t h e r  

i n d i c a t i o n  of coupling between t h e  f e e d l i n e s  and t h e  combustion p rocess ,  It 

should be  pointed o u t  t h a t  t h e  l a r g e  p re s su re  drops a c r o s s  t h e  i n j e c t o r  f a c e  

due t o  t h e  s m a l l  o r i f i c e  design r e s u l t  i n  s i g n i f i c a n t  hydraul ic  r e s i s t a n c e s  i n  

t h e  c i r c u i t .  

Though t h e  amplitudes of t h e  higher  frequency i n s t a b i l i t i e s  

were l a r g e ,  t h e r e  w a s  no evidence of e ros ion  taking p l a c e  a c r o s s  t h e  i n j e c t o r  

f a c e  which w a s  p ro t ec t ed  by a Z r O 2  coa t ing .  

d i d  e x h i b i t  a "scallop" e f f e c t  around i t s  per iphery approximately 2 t o  3 inches 

down from t h e  i n j e c t o r  f a c e .  The o r i f i c e s  i n  t h e  h e a t  s h i e l d  on the  high- 

frequency t ransducers  were p a r t i a l l y  plugged by t h e  molten a b l a t i v e  material; 

however, t h e  d a t a  recorded by the  t r ansduce r s  were n o t  s e r i o u s l y  compromised. 

The e i g h t  t ransducers  spaced around t h e  chamber i n d i c a t e  the  i n s t a b i l i t y  w a s  

a standing f i r s t  t a n g e n t i a l  mode, 

The a b l a t i v e  l i n e r  of t h e  chamber 
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I V ,  C ,  Test Resul t s  (cont . )  

I n  a d d i t i o n  t o  pressure  da t a ,  a thorough temperature d i s t r i b u -  

t i o n  w a s  made ac ross  t h e  e n t i r e  feed system. S ix  high-response thermocouples 

were placed i n  t h e  f u e l  c i r c u i t  a t  t h e  p o i n t  of i n j e c t i o n  i n t o  the  chamber t o  

a l low accura t e  dens i ty  va lues  t o  be ca l cu la t ed .  These va lues  were then used 

t o  determine t h e  p rope l l an t  i n j e c t i o n  v e l o c i t y  from the  measured flow rates,  

Temperature measurements w e r e  a l s o  made i n  t h e  manifolds,  p rope l l an t  l i n e s ,  

and i n t o  t h e  i n t e n s i f i e r  using both high-response thermocouples and r e s i s t a n c e  

temperature t ransducers .  

Flow measurement d a t a  were improved over las t  y e a r ' s  program, 

Two devices  were i n s t a l l e d  on both t h e  ox id ize r  and f u e l  i n t e n s i f i e r s  t o  

measure p i s t o n  v e l o c i t i e s ,  

d a t a  on t h e  f u e l  c i r c u i t  bu t  i ncons i s t en t  r e s u l t s  on t h e  ox id ize r  s i d e .  This 

is due t o  t h e  l a r g e r  displacement of t h e  f u e l  p i s t o n  (6 t o  8 f e e t )  ve r sus  

approximately 2 f e e t  of ox id i ze r  p i s t o n  t r a v e l ,  g iv ing  g r e a t e r  s e n s i t i v i t y  t o  

displacement measurement e r r o r s .  

device cons is ted  of a s l i d e r  mechanism r i d i n g  along a c a l i b r a t e d  w i r e  and 

y ie ld ing  an  analog output  s i g n a l .  

d id ,  a t  times, c l o s e l y  co , r re la te  with t h e  r o t a r y  potent iometer .  

One device ,  a r o t a r y  potentiometer spool ,  gave good 

A second experimental  v e l o c i t y  measuring 

Data from i t  were sporadic  but  nonetheless  

A s  a check on both types of devices ,  a n a l y t i c a l  c a l c u l a t i o n s  

were made using t h e  temperature d a t a ,  feed  system p res su re  drops,  and experimen- 

t a l  hydraul ic  r e s i s t a n c e  va lues .  

The major d i f f e r e n c e  i n  t h i s  y e a r ' s  test program versus  t h e  

Phase I1 work on Contract  NAS 8-11741 w a s  t h e  use  of higher  chamber Mach number 

r e s u l t i n g  from the  use  of a n  annular  chamber (e.g. ,  lower con t r ac t ion  r a t i o ) .  

Two Mach numbers were used, 0.176 and 0.29 (vs a previous range of 0.02 t o  0.14),  

t o  de f ine  the  c o r r e l a t i v e  e f f e c t  of t h i s  parameter. 
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I V ,  C ,  T e s t  Resu l t s  (cont.) 

Combined modes w e r e  common i n  t h e  Phase I1 t e s t i n g ;  however, 

A l l  only pure f i r s t  t a n g e n t i a l  modes w e r e  recorded i n  t h e  c u r r e n t  t e s t i n g .  

uns t ab le  tests exh ib i t ed  high peak-to-peak amplitudes ranging from 40 t o  90% of 

chamber p re s su re ,  each being t r i g g e r e d  by t h e  20-grain p u l s e  charge. 

i n i t i a l  p re s su re  wave r e s u l t i n g  from t h i s  charge v a r i e d  considerably (100 t o  

1000 p s i )  from test t o  tes t ,  y i e l d i n g  t h e  same random spread as seen on the  

Phase I1 t e s t i n g  (Figures 17 and 1 8 ) . .  

The 

Referr ing t o  Figures  19 and 20, t h e  mixture  r a t i o  vs v e l o c i t y  

r a t i o  p l o t s ,  i t  may b e  seen t h a t  t h e  u n s t a b l e  p o i n t s  f e l l  w i th in  t h e  spontaneous 

i n s t a b i l i t y  zones p l o t t e d  from l a s t  y e a r ' s  work. Due t o  t h e  l i m i t e d  number of 

tests f i r e d ,  t h i s  could s i g n i f y  e i t h e r  a rightward s h i f t i n g  (higher MR) of t h e  

s t a b i l i t y  zones o r  a l a r g e r  pulsed i n s t a b i l i t y  zone. It should be noted t h a t ,  

s i n c e  t h e  annular  chamber i n s t a b i l i t i e s  w e r e  t r i g g e r e d  by a small charge (20 

g r a i n ) ,  t h e  combustion s e n s i t i v i t y  w a s  c l o s e  t o  i t s  spontaneous zone. Forty 

t o  s i x t y  g r a i n s  were needed i n  t h e  Phase I1 t e s t i n g  t o  t r i g g e r  t he  i n s t a b i l i t i e s .  

The fol lowing c o r r e l a t i o n  equat ion w a s  obtained from a n  a n a l y s i s  

of t h e  LOX/LH2, coax ia l  i n j e c t i o n  test  d a t a  obtained by AGC (NAS-8-11741, 

Phase 11), PWA, and LeRC. 

meters a v a i l a b l e ,  s i x  v a r i a b l e s  w e r e  s e l e c t e d  which, from empir ical  r e s u l t s ,  

could b e s t  be c o r r e l a t e d  t o  t h e  observed high frequency i n s t a b i l i t y ,  f . 

From t h e  mul t i t ude  of des ign  and performance para- 

S 

The Mach number (e.g. mean chamber gas  v e l o c i t y )  and the  

o r i f i c e  diameter ,  di, of t h e  least v o l a t i l e  p r o p e l l a n t  w e r e  found t o  have a n  

e f f e c t  approximately p ropor t iona l  t o  t h e  1 / 7  power. 

Chamber p re s su re  w a s  r e l a t e d  t o  t h e  s e n s i t i v e  frequency by t h e  

1/3 power i n  cases when i ts  v a l u e  w a s  lower than t h e  vapor i za t ion  p res su re  of 

oxygen. Increasing t h e  p re s su re  above t h i s  va lue  d i d  n o t  d i r e c t l y  e f f e c t  t h e  

frequency 
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The test r e s u l t s  a l s o  c o r r e l a t e d  t h e  v e l o c i t y  r a t i o  and t h e  

impingement ang le  t o  t h e  s e n s i t i v e  frequency. Phys ica l ly ,  a high degree of 

d r o p l e t  breakup caused both by a l a r g e  a b s o l u t e  f u e l  v e l o c i t y  and i t ' s  r e s p e c t i v e  

r a d i a l  component d i r e c t e d  normal t o  t h e  c e n t r a l  (ox id i ze r  stream) would r e s u l t  

i n  a s h o r t e r  t i m e  l a g ,  T~ (e .g . ,  higher frequency, f s ) @  

v e l o c i t y  would a c t  t o  resist t h i s  breakup causing t h e  oppos i t e  e f f e c t  ( l a r g e r  

'c and lower frequency) t o  occur .  

A l a r g e  c e n t r a l  o x i d i z e r  

The i n t e n t  of t h i s  y e a r ' s  annular  chamber/coaxial i n j e c t o r  

~ L C ~ ~ L ~ I I ~  was t o  v a l i d a t e  t h e  e f f e c t  of Mach No. by t r e a t i n g  l a r g e r  va lues  (0.176 

~ ' IU  J . L Y j  . 

This v e r i f i c a t i o n  of t h e  Mach number as a n  important c o r r e l a t i n g  

parameter, together  w i th  t h e  r e s u l t s  of Phase I1 t e s t i n g  and t h e  work of LeRC, 

nhs i e d  t o  the  following c o r r e l a t i o n  equation: 

)1 /3  
(Pc 'Pc r i t i ca l  f e = 4550 ( qoe15 i F 

' c r i t ical  

S e n s i t i v e  freqtieiicy (Hz) 

Chamber Mach number 

I n j e c t i o n  o s i f  ice  diameter of least  
v o l a t i l e  p r o p e l l a n t ,  inches 

Critical p re s su re  of least  v o l a t i l e  
( t i m e  c o n t r o l l i n g )  p r o p e l l a n t ,  p s i a  

Chamber p re s su re ,  p s i a  

Function of t h e  v e l o c i t y  r a t i o  and impingement 
angle .  This func t ion  i s  not  def ined f o r  t h e  
nonimpinging showerhead coax ia l  element. 
(Figure 2 l ) ,  
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This formula may be used by a designer i n  h i s  preliminary work t o  develop an 

i n j e c t o r  conf igu ra t ion  whose s e n s i t i v e  frequency i s  displaced from t h e  f i r s t  

t angen t i a l  a c o u s t i c  mode of t h e  t h r u s t  chamber, These f i r s t  o rde r  estimates 

may then be combined with t h e  a n a l y t i c a l  r e s u l t s  of t he  s e n s i t i v e  t i m e  l a g  

computer program t o  o b t a i n  a more d e t a i l e d  engine configurat ion.  Of prime 

importance i s  t h e  o v e r a l l  t r ends  which may be observed from changes i n  any of 

t h e  s i x  design parameters. 

make both a prel iminary and f i n a l  design s tudy i s  presented i n  Sect ion V ,  

Appl icat ion of Resu l t s .  

An example problem using t h e  above equation t o  

Admittedly f u r t h e r  t e s t i n g  and r e sea rch  i n t o  t h e  physico/ 

chemical k i n e t i c s  of high chamber pressure/L02-H2 combustion may lead to the  

c o r r e l a t i o n  of a d d i t i o n a l  parameters and/or a n  adjustment (exponential)  of 

each t e r m .  

range (much as chamber p re s su re  appeared t o  have an e f f e c t  only when below 

oxygen's vaporizat ion p res su re ) .  

Also c e r t a i n  parameters may only be c o r r e l a t i v e  over a d e f i n i t e  

2. Transverse Exc i t a t ion  Chamber 

This series of tests w a s  conducted t o  demonstrate t h e  c a p a b i l i t y  

of the e x c i t a t i o n  chamber t o  c h a r a c t e r i z e  i n j e c t o r  elements. This type of 

information i s  needed t o  rate s t a b i l i t y  of a p a r t i c u l a r  i n j e c t o r  design and/or 

a v a r i a t i o n  of ope ra t ing  condi t ions.  
+ 

Mixture r a t i o s  of around 4 and chamber p re s su res  of 1300 t o  

1400 p s i  were evaluated during the  test  series. Two of t he  t h r e e  v a l i d  tests 

( t h r e e  tests had a n  inope ra t ive  f u e l  va lve )  a t t a i n e d  these  cond i t ions  and both 

experienced spontaneous i n s t a b i l i t i e s ,  One test  exh ib i t ed  a growth r a t e  of 

650 db/sec,  while  t h e  o t h e r  test had two d i s t i n c t  growth per iods.  

occurr ing a t  the  onse t  of the i n s t a b i l i t y ,  had a 600 db/sec r a t e ,  while  t h e  

second growth period came a f t e r  thermal i g n i t i o n  of t he  40 g r a i n  pu l se  charge 

had disrupted the  i n i t i a l  i n s t a b i l i t y .  

The f i r s t ,  

Its growth rate was 330 db/sec.  
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IV, C ,  Test Resu l t s  (cont.)  

P re s su re ,  temperature,  and flow rate  measuring devices  a l l  

gave s a t i s f a c t o r y  d a t a ,  Some damage t o  t h e  high-frequency p res su re  t ransducer  

w a s  caused by t h e  i n s t a b i l i t y ;  however, i t  d i d  no t  i n v a l i d a t e  t h e  d a t a .  

Tables 19 and 10  summarize the recorded v a l i d  performance d a t a  

together  with t h e  s t a b i l i t y  r e s u l t s .  

From t h e  d a t a  obtained,  t h e  i n d i c a t i o n  i s  t h a t  over t h e  

frequency range of 3000 t o  4500 Hz t h e  t r i p l e t  element shown i n  Figure 3 

has a peak response a t  3300 Hz ( see  Figure 22) a t  t h e  s p e c i f i e d  s t eady  state 

condi t ions.  This peak response frequency, when r e l a t e d  t o  T by t h e  r e l a t i o n s h i p  

compares favorably wi th  previous c o r r e l a t i o n s  of T (Figure 23) f o r  t h i s  type 

of i n j e c t o r ,  This c o r r e l a t i o n  w a s  developed during Phase II of Contract  

NAS 8-11741. 
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v. ANALYTICAL TASKS 

A. ANNULAR THRUST CHAMBER ANALYSIS 

1. Annular Combustion Chamber 

The a n a l y s i s  f o r  annular  combustion chambers f i t s  i n t o  t h e  

b a s i c  framework of t h e  c y l i n d r i c a l  chamber a n a l y s i s  w i th  only a minor modifi- 

ca t ion .  This modif icat ion i s  the  d i r e c t  r e s u l t  of a boundary condi t ion a t  

t h e  i n n e r  w a l l  of t h e  annular  chamber. 

i s  contained i n  the  following paragraphs. 

A b r i e f  d e s c r i p t i o n  of  t h e  a n a l y s i s  

I n  t h e  s o l u t i o n  of t h e  c h a r a c t e r i s t i c  equat ion f o r  t h e  

c y l i n d r i c a l  chamber, t h e  p re s su re  p e r t u r b a t i o n ,  P '  , w a s  solved by assuming 

a s o l u t i o n  of t h e  i n f i n i t e  series form 

'n + P1 + P2 + ... P' = P 
0 

Using an o rde r  of magnitude a n a l y s i s  on t h e  general  p e r t u r b a t i o n  equations 

permitted t h e  sepa ra t ion  of t h e  gene ra l  equat ions i n t o  equat ions f o r  P 

e tc . ,  where i t  w a s  assumed t h a t  P 

magnitude less than Po by v i r t u e  of t h e  product of P 

Mach number u --P2 = 0 (Po . ue2), and Pn = 0 (Po . u n ) .  The s o l u t i o n  f o r  

P considered terms of O(1) with t h e  r e s u l t  t h a t  Po r ep resen t s  t h e  s o l u t i o n  

of t h e  a c o u s t i c  equations i n  a no flow, no combustion system. 

0' 

= 0 (Po . ue)--that i s  , one o rde r  of 1 
and t h e  s teady s t a t e  

0 

e e 

0 

The P equat ions w e r e  solved by using t h e  s e p a r a t i o n  of 
0 

v a r i a b l e s  technique: 
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V, A, Annular Thrust Chamber Analysis (cont . )  

and r e s u l t e d  i n  t h r e e  ordinary d i f f e r e n t i a l  equat ions f o r  

The modif icat ion t o  t h e  c y l i n d r i c a l  chamber ana lys i s  imposed by t h e  annular  

ana lys i s  presents  i t s e l f  i n  t h e  s o l u t i o n  of $ ( r ) .  The d iscuss ion  h e r e a f t e r  

w i l l  be  concerned wi th  $ o ( r ) .  
0 

The d i f f e r e n t i a l  equat ion f o r  $ ( r )  i s  the  classic Bessel 
0 

equation which r e s u l t s  i n  the  following genera l  so lu t ion :  

where J 

of t he  second kind,  and S 

equation) i s  the  t r ansve r se  a c o u s t i c  mode number. S p e c i f i c a l l y ,  t h i s  means 

t h a t  a t  a l l  chamber w a l l s  

i s  the  Bessel func t ion  of t h e  f i r s t  k ind ,  Yv i s  t h e  Bessel func t ion  
V 

(where v s p e c i f i e d  t h e  order  of t he  Bessel 
Vrl 

- -  - 0  d% 
d r  

Applying t h i s  condi t ion t o  (2) y i e l d s  

a t  t h e  o u t e r  wall, r = 1, equat ion (3)  reduces t o  
C 
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V, A, Annular Thrust  Chamber Analysis ( con t . )  

For the  c y l i n d r i c a l  chamber case, equat ion (4) reduces t o  

s i n c e  B must be  zero because Y becomes i n f i n i t e  at r = 0.  The s o l u t i o n  of  

equation (5) serves t o  d e f i n e  t h e  transverse a c o u s t i c  mode number, S f o r  

c y l i n d r i c a l  combustion chambers. 

V 

vtl , 

The annular  chamber has i t s  i n n e r  w a l l  l oca t ed  i n  t h e  range 

0 R '  1. Therefore,  f o r  t h e  i n n e r  w a l l ,  equat ion (3 )  i s  w r i t t e n .  

Y: (SVn . R') = 0 ,  @ r = R c2 
(6) J: (SVn . R') -I- - 

whereas a t  t h e  o u t e r  w a l l ,  r = 1 and equat ion (4) is  s t i l l  app l i cab le .  

Solut ion of ( 4 )  and (6) simultaneously y i e l d s  

The s o l u t i o n  of  equat ion (7)  de f ines  t h e  t r a n s v e r s e  a c o u s t i c  mode number, 

S f o r  annular  chambers. Fortunately,  equat ion (7)  has been solved i n  

Reference (29) and t h e  values  of Svn are l i s t e d  as a func t ion  of 

R' where R '  = R . / R  on Table 11. 

V t l  , 

1 0  

Thus t h e  u s e  of a n  annular  chamber w i l l  a l t e r  t h e  f r e -  

quencies of t h e  t r ansve r se  modes. The e x t e n t  of t he  a l t e r a t i o n  i s  i l l u s t r a t e d  

i n  Figure 24. 

minimized by t h e  use of t h e  annular  chamber s o  t h a t  i n  most cases t h e  d i s t r i -  

but ion c o e f f i c i e n t s  A 

I n  a d d i t i o n ,  r a d i a l  i n j e c t i o n  d i s t r i b u t i o n  e f f e c t s  w i l l  be  

and C can be  assumed as u n i t y .  
vt l '  B V t l '  V t l  
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V, A,  Annular Thrust  Chamber Analysis (cont . )  

2. Annular Exhaust Nozzle 

The conf igura t ion  of t h e  exhaust nozz le  e f f e c t s  t h e  nozz le  

admittance c o e f f i c i e n t s  t h a t  are used i n  t h e  boundary condi t ion imposed by 

t h e  ana lys i s  a t  t h e  chamber/nozzle i n t e r f a c e .  

The annular  exhaust nozz le  a n a l y s i s  does not  d i f f e r  s i g n i f i -  

can t ly  from the  c y l i n d r i c a l  nozzle  ana lys i s .  The only d i f f e rence  i s  i n  t h e  

determinat ion of t h e  l o c a l  cont rac t ion  r a t i o  as a func t ion  of t h e  z-coordinate 

f o r  input  i n t o  t h e  i s e n t r o p i c  r e l a t i o n s h i p  

- 
*th [& Y - 1  2 (1 + - u (2) 2 

2 (Y -1) y+l 1 1 

t o  def ine  t h e  l o c a l  Mach number, u ( z ) .  

program by spec i fy ing  t h e  i n n e r  and o u t e r  r a d i i  of t h e  annular  chamber and 

th roa t .  

chamber ana lys i s  can be found i n  Appendix B. 

This is  accomplished i n  t h e  computer 

A d e t a i l e d  d iscuss ion  of  t h e  computer model which inc ludes  the  annular  

Page 37 



Report 20672-PIF 

t a b i l i t y  an ly s  i 

V, Analy t i ca l  Tasks (cont . )  

B .  STAGED COMBUSTION MODEL 

The high frequency staged-combustion has  been 

completed f o r  t h e  s i m p l i f i e d  engine system i n  which t h e  e f f e c t s  of o s c i l l a t i o n s  

on l i q u i d  p r o p e l l a n t  i n j e c t i o n  rates are neglected.  

fuel-r ich combustion products from t h e  primary combustor i s  included,  and 

provides t h e  dynamic coupling between t h e  two combustors. The s i m p l i f i e d  

a n a l y s i s  i s  d i r e c t e d  toward t h e  s tudy of  t h e s e  coupling e f f e c t s .  

vers ion o f  t h e  a n a l y s i s ,  complications which have been s t u d i e d  previously-- 

such as a x i a l l y  d i s t r i b u t e d  combustion and exhaust nozzle  shape--are n o t  con- 

s ide red .  S imi l a r ly ,  t o  b r i n g  ou t  t h e  coupling e f f e c t s  more c l e a r l y ,  t h e  t u r b i n e  

i s  replaced by a simple o r i f i c e .  

model, b u t  i n t roduce  complications t h a t  w i l l  obscure t h e  r e s u l t s .  

The o s c i l l a t o r y  flow of  

I n  t h e  f i r s t  

A l l  of t h e s e  f e a t u r e s  can b e  added t o  t h e  

The system considered i s  represented schematical ly  i n  Figure 25. 

The approach taken t o  the  s o l u t i o n  i s  t o  assume t h a t  t h e  engine design parameters 

are given. 

f o r  assumed values  of t h e  primary combustion parameters (n , T,), and f o r  

t h e  t o t a l  t i m e  l a g  of  t h e  h o t  gas T ~ ~ .  

as these combustion parameters are va r i ed  shows the  n a t u r e  of t he  i n t e r a c t i o n  

between t h e  two combustors. An a l t e r n a t i v e  approach would b e  t o  s o l v e  f o r  

t h e  i n s t a b i l i t y  zones f o r  t h e  primary combustor, assuming values  of t h e  secon- 

dary combustion parameters. A closed-form s o l u t i o n  is  impossible because 

of t he  presence of a set  of  simultaneous,  non l inea r ,  a l g e b r a i c  equat ions,  

r equ i r ing  an i t e ra t ive  s o l u t i o n .  

Then i n s t a b i l i t y  zones are c a l c u l a t e d  f o r  t h e  secondary combustor, 

The s h i f t  of t h e  i n s t a b i l i t y  zones 

For purpose of a n a l y s i s ,  t h e  engine system can be  divided i n t o  four 

p a r t s :  (1) t h e  p r o p e l l a n t  feed system, (2)  t h e  primary combustor, ( 3 )  t h e  

secondary combustor, and ( 4 )  t h e  tu rb ine .  The f i r s t - o r d e r  a n a l y s i s  involves  

t h e  following assumptions: t h e  p r o p e l l a n t s  are incompressible,  t h e  feed 
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V, B ,  Staged Combustion Model (cont . )  

l ines are very s h o r t ,  t h e  combustion is  concentrated at t h e  i n j e c t o r  end of 

each combustor, and t h e  m e a n  chamber Mach numbers are s m a l l .  

are many s i g n i f i c a n t  i n t e r a c t i o n s  between low and high frequency types of 

i n s t a b i l i t y ,  i n i t i a l l y  t h e  two w i l l  be  t r e a t e d  sepa ra t e ly .  

Although t h e r e  

To s impl i fy  t h e  ana lys i s  i t  is assumed t h a t  t h e  Mach number of 

the  mean gas flow through t h e  combustion chambers is  s m a l l ,  t h a t  t h e  per turba-  

t i ons  of a l l  flow p r o p e r t i e s  about t h e i r  s teady-s ta te  values  are s m a l l ,  and 

t h a t  t h e  combustion i s  concentrated at t h e  i n j e c t o r  face .  Then t h e  per turba-  

t ions  are governed by the  l inear  wave equation: 

= o  P '  

dz 

where t h e  unsteady p res su re  is  of t h e  form P ( 2 , ~ )  = P' + P' (z)eST 

The boundary condi t ion a t  t h e  i n j e c t o r  f a c e ,  t h a t  is  a t  t h e  

downstream s i d e  of  t h e  combustion f r o n t ,  can be w r i t t e n  as 

A t  t h e  chamber e x i t ,  t h e  boundary condi t ion can be w r i t t e n  i n  terms of  an 

admittance coef f i c i e n t  : 

U' 

U P 
, a t z - L  - - P '  - a- - - 

where ci is  t h e  complex, dimensionless admittance c o e f f i c i e n t ,  which determines 

t h e  phase and amplitude of t he  wave r e f l e c t i o n .  For ci = 0, t h e  r e f l e c t i o n  i s  

t h a t  from a s o l i d  w a l l ;  a = 1 corresponds t o  no r e f l e c t i o n  (waves propagating 
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V, B,  Staged Combustion Model (cont . )  

downstream only) ;  and 01 = 03 corresponds t o  r e f l e c t i o n  from an open end, a t  

which t h e  pressure  i s  kep t  constant .  

e I n  genera l ,  01 i s  Y - 1  0 and 1, and f o r  s h o r t ,  s u p e r c r i t i c a l  nozz les ,  01 = - 2 
dependent on both nozzle  geometry and frequency. 

For rocke t  chambers, a lies between 

The i n j e c t o r  boundary condi t ion  inc ludes  both p rope l l an t  feed 

and combustion dynamic response cont r ibu t ions .  For g e n e r a l i t y ,  each of t h e  

b ip rope l l an t s  i s  assumed t o  have i t s  own t o t a l  t i m e  l a g  T 

propel lan ts  are w e l l  mixed i n  t h e  process of i n j e c t i o n ,  a b e t t e r  assumption 

would be a common t o t a l  t i m e  l ag .  

response of t h e  combustion, a s i n g l e  s e n s i t i v e  time l a g  is  assumed, s i n c e  the  

processes involved are more l i k e l y  t o  occur a f t e r  t he  p rope l l an t s  have been 

mixed. The form of the  combustion response is  t h a t  developed by Crocco, i n  

which t h e  parameters are t h e  s e n s i t i v e  t i m e  l a g  T ,  which i s  r e l a t e d  t o  the  

frequencies  a t  which o s c i l l a t i o n s  can occur ,  and t h e  i n t e r a c t i o n  index n ,  a 

measure of t h e  magnitude of t h e  combustion response t o  a dis turbance.  

However, i f  t h e  t '  

For s i m p l i c i t y ,  i n  t h e  high frequency 

The general  s o l u t i o n  of 

s z  

f o r  which t h e  v e l o c i t y  pe r tu rba t ion  

equat ion (8) is  

s z  
C 

- -  
+ C2 e 

i s  given by 

s z  
C 
- 

-C e 1 

t h e  boundary condi t ions ,  equat ions (9)  Subs t i t u t ing  these  expressions i n t o  

and (lo), y i e l d  t h e  combustion chamber equat ion 

2sL - 
A C 1 - B e  - - 

2sL u - uY(F + P) = 
- 

C 1 + B e  
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V, B,  Staged Combustim Model (cont . )  

I n  consider ing t h e  feed  system e f f e c t s  i t  is  convenient t o  make 

use of a flow admittance,  G ,  defined by 

For incompressible flow, and assuming t h a t  t h e  feed l i n e s  are very s h o r t ,  t h e  

admittance a t  t h e  downstream end of  a feed l i n e ,  G 2 ,  can be  expressed i n  terms 

of the  admittance a t  t h e  upstream end, G1, by the  r e l a t i o n  

GI  
I G2 = 1-Z1 G1 

- 
where Z1 = 2 (P -P ) 

equation s i m p l i f i e s  t o  

/ &. I f  t h e  l i n e  o r i g i n a t e s  i n  a p rope l l an t  tank,  the  1 2  

- 
5 

2AP 
- - -  1 

- G2 = - - -  z1 

f o r  cases i n  which t h e  l i n e s  are too long t o  neg lec t  wave e f f e c t s ,  o r  t h e  

propel lan t  compress ib i l i ty  must b e  considered,  t h e  r e l a t i o n  between the  

admittances becomes much more complicated and i s  dependent on frequency. 

Such complications,  which can have a s i g n i f i c a n t  i n f luence  on t h e  s t a b i l i t y ,  

w i l l  be introduced i n t o  t h e  ana lys i s  a t  a la te r  t i m e .  

A schematic diagram of a s impl i f i ed  staged-combustion engine i s  

For t h e  p re sen t ,  w e  consider  t h e  tu rb ine  t o  be  a s h o r t  shown i n  Figure 25. 

length of l i n e  wi th  a p res su re  drop, wi th  an admittance c o e f f i c i e n t  a t  t h e  

entrance a , t o  be  spec i f i ed .  Applying t h e  combustion chamber and feed l i n e  
P 

r e l a t i o n s  t o  t h e  components of t h e  engine system resu l t s  i n  t h e  fol lowing set  

of simultaneous equat ions:  
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V ,  B ,  Staged Combustion Model (cont . )  

I n i t i a l  feed  l i n e  sec t ions :  

A t  the  tee i n  t h e  ox id ize r  l i n e :  

Gxl = Gx2 + Gx3 

Primary combustor i n j e c t o r :  

Primary combustor: 

2sL 
P 

C 

h I - B ~  P - 
u - Y< (F + Pp) = 2sL 

2 P P P  
C 

I + B  e P 
P 

-ST 
CI 

P =  n (1-e P) 
P P 
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V, B,  Staged Combustion Model (cont . )  

Turbine inlet  : 
- 
lil 

G = (l+a ) 
P - 

Pe YP 
P 

Secondary combus t o r  i n j e c t o r  : 

= Gp e 
1-Z G 

t P e  
Gfs 

- Gx3 
3 

Gxs 1-Zx3 Gx3 

Secondary combustor: 

2 SL 
.S 

S 1 - B  e 
S - 

2sLs u - YGs [Fs + PSI = 
S - 

C l + B s e  S 

6 -Sf - - n (1-e 
pS S 
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V, B ,  Staged Combustion Model (cont . )  

I n  gene ra l ,  i t  has  been observed t h a t  t h e  t o t a l  t i m e  l a g  i s  about 

6 t o  10 t i m e s  l a r g e r  than t h e  s e n s i t i v e  t i m e  l a g .  Thus, f o r  f requencies  of 

i n t e r e s t  t o  high frequency i n s t a b i l i t y ,  t h e  e f f e c t s  of t h e  feed system terms 

w i l l  tend t o  average ou t  over  t h e  f i n i t e  l eng th  of t h e  a c t u a l  combustion 

zone. However, s i n c e  t h e  t o t a l  t i m e  l a g  inc ludes  t h e  t i m e s  r equ i r ed  t o  

accomplish t h e  processes of a tomizat ion,  vapor i za t ion ,  mixing , and h e a t i n g  of  

t h e  p r o p e l l a n t s ,  some i n t e r a c t i o n  i s  l i k e l y  i n  high p res su re  engines ,  

p a r t i c u l a r l y  i n  t h e  secondary combustor. 

The most success fu l  approach t o  t h e  s o l u t i o n  of t h e  p e r t u r b a t i o n  

equations f o r  high frequency i n s t a b i l i t y  has been t o  consider  t h e  r e l a t i o n s  

between the  system parameters t h a t  must hold i n  t h e  case of n e u t r a l  o s c i l l a -  

t i o n s ,  t h e  " s t a b i l i t y  l i m i t "  r e l a t i o n s .  The general ized frequency, s = A + i w ,  

includes both a real p a r t  A ,  which i s  t h e  ampl i f i ca t ion  f a c t o r ,  and an 

imaginary p a r t  i w ,  where w i s  the  o s c i l l a t i o n  frequency. 

s t a b i l i t y  l i m i t  condi t ions,  t h e  real p a r t  A i s  set  equal  t o  zero.  The system 

equations can then b e  reduced t o  a s i n g l e  complex c h a r a c t e r i s t i c  equat ion,  

which i n d i c a t e s  t h a t  t h e  occurrence of i n s t a b i l i t y  involves  both a gain and 

a phase condi t ion.  It has  been found convenient t o  s e l e c t  two of t h e  

combustion parameters,  and t o  s o l v e  f o r  t h e s e  parameters as func t ion  of t h e  

frequency and of  t h e  o t h e r  system parameters. 

To o b t a i n  t h e  

Page 44 
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TABLE 2 

SUMMARY OF FULL-SCALE COAXIAL INJECTOR 
DESIGN CHARACTERISTICS 

Number of elements 

Thrust  per  element (F /e l )  

Mixture r a t i o  (MR) 

Chamber p re s su re  (P,) 

I n j e c t i o n  dens i ty  (+/A 

To ta l  flow ra te  (bjT) 

Oxidizer flow rate (Go) 
Fuel  flow rate (Gf) 

I n j e c t o r  v e l o c i t y  r a t i o  (vf /vo) 

Oxidizer v e l o c i t y  (v ) 
Fuel v e l o c i t y  (v,) 

j 

0 

Fuel temperature (TFJ) 

Pressure drop ac ross  ox id i ze r  o r i f i c e  (AP ) 

Pressure drop ac ross  f u e l  o r i f i c e  (APf) 

Oxidizer o r i f  i c e  diameter (Do) 
Fuel o r i f i c e  diameter 

I n s i d e  
Outside 

0 

Annulus width normal t o  flow 

O r i f i c e  included impingement ang le  (ai) 

l b  

2 l b l i n .  

l b l sec - in .  

l b l s e c  

l b l s e c  

l b l s e c  

2 

f t l s e c  
f t l s e c  

O R  

p s i d  

psid 

i n .  

i n .  
i n .  

i n .  
0 

54 

1200 

5.5 

2500 

3.15 

180 

15 2 

27.6 

3.5 

150 
525 

80 

350 

260 

0.224 

0.283 
0.339 

0.035 

60 

Note: This i n j e c t o r  is  schematical ly  shown i n  Figure 5 and a 

photograph of t h e  i n j e c t o r  is  included as Figure 6 .  
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TABLE 3 

TRIPLET INJECTOR COMPARISON 

Parameter 
2 Injection density, lb/sec-in. 

Number of elements 
Total flow rate, lb/sec 
Mixture ratio 
Orifice exit velocity, ft/sec 

(a) Fuel 
(b) Oxidizer 

Orifice diameter, in. 
(a) Fuel 
(b) Oxidizer 

Impingement angle, O 

Impingement height above face, 
Fuel bar height above oxidizer 
Number of radial fuel bars 
Fuel temperature, OR 
Fuel coolant, % 

in. 

High Inj 
Density 

3.0 

600 
180 

5.5 

700 
200 

0.047 
0.040 

30 

0.348 

orifice plane, in. 0.197 
48 

80 

8 

Low Inj 
Density 

1.0 
19 2 
:: 60 

5.5 

700 
200 

0.047 
0.040 

30 

0.433 

0.250 
24 

80 

8 
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TABLE 4 

FULL-SCALE ENGINE NOZZLE CONFIGURATION 

Magnitude of Parameter 

Parameter 

Throat diameter (Dt) 
OD 
ID 

Exit diameter (De) 
OD 
ID* 

Throat area (At) 
Exit area** (A,) 
Area ratio (Ae/At) 
Entrance angle (6 )  
(center body and chamber 
nozzle inserts) 
Expansion angle (a) 
(center body and chamber 
nozzle inserts) 

Units 

in. 
in. 

in. 
in. 

2 

2 
in. 
in. 

0 

0 

at Chamber Pressure of 
1500 psia 2500 psia 

9.290 8.480 
7.090 7.090 

11.010 10.200 
5.400 5.400 

28.3 17.0 
95.2 81.8 
3.36 4.81 
50 50 

15 15 

*With carbon extension nozzle detached. 
**With carbon extension nozzle attached; i.e., if attached, center body 
nozzle exit diameter = 0. 



Report 20672-PIP 

TABLE 5 

EXCITATION CHAMBER TRIPLET ELEMENT INJECTOR CONFIGURATION 

Parameter 

Number of elements 

Thrust per element (F/el) 

Impingement incidence angle 

Mixture ratio 

Total flow rate (G) 

Oxidizer flow rate (Go) 

Fuel flow rate (Gf) 

Oxidizer orif ice diameter (Do) 

Fuel orifice diameter (Df) 

Fuel coolant orifice diameter (Dfc) 

Percent fuel coolant 

Oxidizer velocity (Vo) 

Fuel velocity (V,) 

Velocity ratio (Vf /Vo) 

Fuel temperature (Tf) 

Units 

-- 
lb 

0 

lb/sec 

lb/sec 

lb/sec 

in. 

in. 

in e 

x 
ft/sec 

f t/sec 

OR 

Magnitude 

3 11 

370 100 

30 30 

5.5 5.5 

3 3 

2.54 2.54 

0.46 0.46 

0 0755 0.0400 

0.0885 0.0470 

0.026 0.026 

4.7 4.7 

190 190 

665 665 

3.5 3.5 

80 80 
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TABLE 6 

EXCITATION ENGINE CHAMBER CHARACTERISTICS 

Wedge Number of Fundamental Included 
Dash Number Inserts Frequency, Hz Chamber Angle, O 

No wedge 

-1 

-3 

-5 

-7 

2000 

2800 

3500 

4500 

7000 

36.0 

25.2 

19.8 

14.5 

9.0 
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TABLE 7 

EXCITATION ENGINE NOZZLE GEOMETRY 

Nozzle Throat Width*, 
Nozzle Dash Number No. of P r o p e l l a n t  inches 

Chamber Pressure  I n j e c t o r  Flow Rate, Chamber Pressure  
1500 p s i a  2500 p s i a  I n s e r t s  l b / s e c  1500 p s i a  2500 psia  

-17 -9 7 2 1  1.470 0.885 

-19 -11 5 15 1 050 0.630 

-21 - 13 4 1 2  0.840 0.505 

-11 - 15 3 9 0.630 0.380 

- 15 -23 2 6 0.380 0.230 

*The t h r o a t  he ight  is a cons tan t  2.250 inches.  
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TABLE 11 
FOR TANGENTIAL MODES IN ANNULAR CHAMBERS BESSEL EVNCTION VALUE (Sy,,) 

ann 

Annular 
Chamber Geometry Tangential Modes 
(Radius) Inner 
(Radius) Outer 

0.910 

0.833 

0.667 

0.500 

0.400 

0.333 

0.286 

0.250 

0.222 

0.200 

(SVn'ann = 1.04802 

1.092 

1.209 

1.35 

1.41 

1.54 

1.60 

1.64 

1.67 

1.70 

2T _. 

2.09602 

2.1846 

2.412 

2.68 

2.85 

2.91 

2.99 

3.00 

3.02 

3.025 

6T - 5T - 4T - 3T - 

3.14401 4.19197 5.23989 6.28778 

3.27672 4.368 5.4588 6.5496 

3.61 

3.98 

4.10 

4.17 

4.18 

4.18 

4.18 

4.18 

4.80 

5.18 

5.27 

5.31 

5.31 

5.31 

5.31 

5.31 

5.98 

6.34 

6.40 

6.42 

6.42 

6.42 

6.42 

6.42 

('vn) annular 
('W) cylindrical 

NOTE: 1. Figure gives the frequency ratio viz. 
for different chamber geometries. 

2. Calculation of annular chamber tangential frequencies 
a (' n annular 

7.14 

7.45 

7.5 

7.5 

7.5 

7.5 

7.5 

7.5 

Reference: Bridge and Angrist, "Math. of Computation, 16, 78," April 1962. 
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Figure 5 
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'Figure 7 
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Figure 14 
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DATA PACKAGE / 
/ 

IF  S E C T I O N  I11 IS NOT USED, S E C T I O N  I V  MUST NOT BE USED. 

Data Package Computer Deck Organizat ion 

F igure  31 
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I. INJECTOR DESIGN STUDIES 

The b a s i c  Contract NAS 8-20672 " S t a b i l i t y  Charac te r iza t ion  of Advanced 

In jec tors ' '  contained fou r  d i s c r e t e  tasks .  

a n a l y t i c a l  model development based on Sens i t i ve  T i m e  Lag Theory. 

s i s t e d  of determining t h e  t a n g e n t i a l  high frequency response c h a r a c t e r i s t i c s  of 

gas generator  assemblies,  and t h e  s t a b i l i t y  c h a r a c t e r i s t i c s  of staged combustion 

secondary i n j e c t o r s .  

high frequency response c h a r a c t e r i s t i c s  of gas genera tor  i n j e c t o r s .  Task I V  

consis ted of determining t h e  e f f e c t  of i n j e c t i o n  dens i ty  on the  s t a b i l i t y  of 

coaxia l  i n j e c t i o n  elements. 

Task I w a s  t h e  cont inua t ion  of 

Task I1 con- 

Task I11 contained an  eva lua t ion  of t h e  long i tud ina l  

Designs were made f o r  each of t h e  i n j e c t o r s  f o r  t he  tasks  mentioned above. 

Revisions t o  t h e  b a s i c  c o n t r a c t  excluded t h e  f a b r i c a t i o n  and t e s t i n g  of i n j e c t o r s  

and components on Tasks I1 and 111; these  designs are discussed i n  t h i s  s e c t i o n .  

Task I d id  not  inc lude  design of hardware and remained unchanged throughout 

t h e  con t r ac t ;  Task I V  remained, t h e  hardware and test r e s u l t s  are discussed i n  

the  t e x t  of t h i s  repor t . .  

of i n j e c t o r  parameters such as: i n j e c t i o n  dens i ty ,  p ressure  drop, o r i f i c e  s i z e ,  

number of elements,  s c e l e a b i l i t y  and element d i s t r i b u t i o n .  These designs w i l l  

be presented i n  t h e  order  of t h e  respective con t r ac t  t a sks .  

The designs presented were f i n a l i z e d  a f t e r  a s tudy 

11. TASK I I A  - PRIMARY COMBUSTOR HIGH FREQUENCY STABILITY CHARACTERISTIC 

A. GENERAL 

The primary combustor i n v e s t i g a t i o n  w a s  t o  be performed with an 

annular  gas genera tor  assembly (GGA) cons i s t ing  of :  1 )  an 11.0 i n .  O.D. and 

a 9.25 i n .  I . D .  annular  combustion chamber, 2)  two annular  nozzles t o  allow 

two chamber pressure  v a r i a t i o n s ,  and 3) an i n j e c t o r  de l ive r ing  l i q u i d  oxygen 

and l i q u i d  hydrogen. 

mode of t he  high frequency i n s t a b i l i t y .  

The annular  conf igura t ion  w a s  t o  encourage t h e  t angen t i a l  

Design test operat ing condi t ions were: 
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11, A ,  General (cont.)  

1. MR = 0.5 t o  1.0 

2.  Pc = 2500 and 4000 p s i a  

3.  GT = 60 l b / s e c  

B. INJECTOR DESIGN CHARACTERISTICS 

Four types of  i n j e c t o r s  were designed and are shown i n  

Figures 1, 2, 3 ,  and 4 :  

1. Coaxial  

2. 

3 .  

4 .  Concentric r i n g  

High t h r u s t  p e r  element t r i p l e t  

Low t h r u s t  p e r  element t r i p l e t  

Each i n j e c t o r  had t h e  following common design f e a t u r e s .  

Oxidizer v e l o c i t y  = 150 f t / s e c  

Fuel v e l o c i t y  = 525 f t / s e c  

Velocity r a t i o  = 3 . 5  

I n j e c t o r  f a c e  area = 28 i n .  
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11, B, I n j e c t o r  Design C h a r a c t e r i s t i c s  (cont  a )  

TABLE 1 

TASK I I A  ANNULAR GAS GENERATOR INJECTOR FEATURES 

Paramet e r I n j e c t o r  Type 
Coaxial T r ip  l e t  T r i p l e t  Concentric Ring 

Number of  elements 18 18 72 10 

O r i f i c e  s i z e  a) Fuel ( i n . )  0.416 OD 0.243 d i a .  0.125 d i a .  0.045 wide 
Annulus 

b) Ox ( i n . )  0.175 d i a .  0.175 d i a .  0.086 d i a .  0.023 wide 

Oxidizer s l o t  diameter ( i n . )  - - - 10.12 

Impingement ang le  (deg) Nonimpinging 30 30 30 
o r  30 

Element a r r a y  Circumferent ia l  Radial  Rad ia l  Circumferent ia l  
Manifold method a) Fuel ** ** ** ** 

* * * * b) Ox 

*Flooded annulus 
**Drilled ho le  connected t o  floodec, annulus 

111. TASK I I B  - SECONRARY COMBUSTOR HIGH FREQUENCY STABILITY CHARACTERIZATION 

A. GENERAL 

The secondary combustor i n v e s t i g a t i o n  r equ i r ed  a l i q u i d / l i q u i d  

primary combustor t o  produce t h e  f u e l  r i c h  gas f o r  t h e  g a s / l i q u i d  secondary 

combustor. The primary o r  gas gene ra to r  combustor w a s  a 6 i n .  diameter 

c y l i n d r i c a l  i n j e c t o r  s e l e c t e d  from Task 111; these  gas gene ra to r  i n j e c t o r s  w i l l  

be  discussed i n  Sect ion I V  of t h i s  Appendix. 

and secondary combustor s imulates  t u r b i n e  p re s su re  drops and a l s o  decouples 

low frequency i n t e r a c t i o n s  between t h e  two combustion chambers. 

An o r i f i c e  between t h e  primary 
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111, A ,  General (cont.)  

An 18 in .  diameter t o  1 4  i n .  diameter  t r a n s i t i o n  p i ece  jo ined  t h e  c y l i n d r i c a l  

primary combustor t o  t h e  annular  secondary combustor. 

genera tor  suppl ied gas a t  1400'F - 1800'F t o  a secondary combustor which w a s  

designed t o  ope ra t e  a t  a MR of  5 .5 ,  and a Pc of 1000 o r  2500 p s i a  and d e l i v e r  

60,000 l b  of t h r u s t .  

The f u e l  r i c h  gas  

B. SECONDARY INJECTOR DESIGN CHARACTERISTICS 

Four types of  i n j e c t o r s  (Figure 5)  were designed f o r  t h e  secondary 

combustor: (1)  coax ia l ,  (2) high t h r u s t  p e r  element spray ba r ,  (3)  low t h r u s t  

pe r  element spray ba r  and, (4)  concent r ic  r i n g .  Manifolding w a s  similar f o r  

a l l  fou r  u n i t s .  Design and opera t ing  c h a r a c t e r i s t i c s  f o r  t hese  secondary 

i n j e c t o r s  were: 

1. Oxidizer  v e l o c i t y  150 f t / s e c  

2. Fuel v e l o c i t y  525 f t / s e c  

3. Veloci ty  r a t i o  3.5 

4.  Tota l  flow rate 180 l b / s e c  

5. I n j e c t o r  f a c e  area 90 i n .  
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111, B, Secondary I n j e c t o r  Design C h a r a c t e r i s t i c s  (cont .  ) 

TABLE 2 

TASK IIB SECONDARY COMBUSTOR INJECTOR FEATURES 

I n i e c t o r  Tme 
Parameter Coaxial  Spray B& 

Number of elements 1 4  4 

Orifice s i z e  
a) Fuel  ( in.)  0.786 OD 0.723 wide 

b )  Oxidizer ( in . )  0.224 d i a .  0.224 d i a .  

Oxidizer s l o t  
diameter ( i n . )  

Impingement ang le  (deg) Non- Non- 
impinging impinging 

Element a r r a y  

Manifold method 
a) Fuel 
b) Oxidizer 

Circum- Radial  
f e r e n  t i  a1 
2 rows 

* 
** 

* 
** 

Spray Bar 

16 

0.723 wide 

0.112 d i a .  

Non- 
impinging 

Rad ia l  

* 
** 

*Flooded back 
**Tube fed by ou te r  annulus 

I V .  TASK 111 - LOW FREQUENCY STABILITY CHARACTERIZATION 

A. GENERAL 

Concentric Ring 

1 

0.51 wide o u t e r  
0.69 wide i n n e r  

0.112 wide 

11.5 

30 

Circumferent ia l  

* 
** 

This hardware w a s  t o  eva lua te  t h e  l o n g i t u d i n a l  modes of high 

frequency i n s t a b i l i t y  of va r ious  gas gene ra to r  i n j e c t o r s  i n  a v a r i a b l e  l eng th  

combustion chamber and then use  t h e  b e s t  candidate  i n j e c t o r  on Task I I B .  

The TCA cons i s t ed  of a 6 in .  diameter i n j e c t o r  i n  a 6 i n .  diameter water-cooled, 
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I V ,  A ,  General (cont . )  

var iable- length chamber and a n  a b l a t i v e  nozzle .  

design were t h e  same f o r  t h e  annular  gas gene ra to r  descr ibed i n  Sec t ion  11. 

T e s t  condi t ions used f o r  t h e  

MR = 0.5 t o  1.0 

= 1,000 and 2,500 p s i a  
2 pC 

I n j e c t i o n  d e n s i t y  = 3 l b / sec .  i n .  

G = 60 l b / s e c  T 

B. INJECTOR DESIGN CKARACTERISTICS 

Four i n j e c t o r s  (6 i n .  diameter) as shown schematical ly  i n  Figures 6 ,  

7 ,  8,  and 9 were designed f o r  t h e  6-in.-diameter c y l i n d r i c a l  gas  generator .  

The i n j e c t o r  types were as follows: 

1. Coaxial 

2. 

3 .  

4. Concentric r i n g  

Wigh t h r u s t  p e r  element t r i p l e t  

Low t h r u s t  p e r  element t r i p l e t  

Each had t h e  following design f e a t u r e s :  

2 I n j e c t i o n  d e n s i t y  2 . 1  lb/sec- in .  

Oxidizer v e l o c i t y  150. f t / s e c  

Fuel v e l o c i t y  525 f t / s e c  

Velocity r a t i o  3.5 

I n j e c t o r  f a c e  area 28 i n .  
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I V ,  B, I n j e c t o r  Design C h a r a c t e r i s t i c s  (cont . )  

A comparison of i n j e c t i o n  p a t t e r n  design f e a t u r e s  i s  presented i n  

Table 3. 

TABLE 3 

TASK I11 GAS GENERATOR INJECTOR PATTERN DESIGN FEATURES 

Number of elements 

O r i f i c e  s i z e  
a) Fuel ( i n . )  

b) Ox ( i n . )  

Oxidizer s l o t  
diameter i n .  

Impingement 
ang le  (deg) 

Element a r r ay  

Manifold method 
a) Fuel 
b) Oxidizer 

Coaxial  

18 

0.416 OD x 
0.238 I D  

0.175 d i a ,  

Non- 
impinging 

Circum- 
f e ren t ia l  
2 rows 

* 
** 

I n j e c t o r  Type 
Concentric 

T r i p l e t  T r i p l e t  Ring 

18 72 2 

0.242 d i a .  0.122 4 . a t  0.045 wide 

0.175 d i a .  0.086 2 a t  0.023 wide 

30 

Skewed t o  
r a d i a l  r ay  

*Flooded back p l a t e  
**Flooded annulus 

***Flooded annulus and d r i l l e d  ho le s  

* 
* + tubes 

- 3.54 o u t e r  
2.14 i n n e r  

30 30 

Circum- Circumferent ia l  
f eren- 2 rows 
t i a l  
2 skewed 
rows 

* *** 
** + tubes I1 
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V. TASK I V  - HIGH INJECTION DENSITY INJECTORS 

A .  GENERAL 

The purpose of t h i s  t a s k  was t o  study t h e  e f f e c t  of i n j e c t i o n  

The c o a x i a l  and t r i p l e t  dens i ty  and Mach number on combustion s t a b i l i t y .  

i n j e c t o r s  designed and f a b r i c a t e d  f o r  t h e  test:  program reported i n  Sect ion V , A ,  

of t h i s  r e p o r t  were designed as p a r t  of t h i s  t a sk .  The combustion chamber 

was an annular configurat ion formed from a c y l i n d r i c a l  combustion chamber w i t h  

a 10.50-in. i n s i d e  diameter and a c e n t e r  plug wi th  a 6.14-in. o u t s i d e  diameter.  

Test condi t ions are t h e  same as those descr ibed i n  Sect ion V , A ,  and are 

summarized as follows : 

MR = 5.5 

= 1509, 2500 p s i a  

I n j  . Density = 3.15 l b / s e c  i n .  

6 

2 pC 

= 180 l b / s e c  T 

B. INJECTOR DESIGN CHARACTERISTICS 

I n  a d d i t i o n  t o  t h e  i n j e c t o r  f a b r i c a t e d  on t h i s  t a s k ,  fou r  o t h e r  

i n j e c t o r s  were designed. Conceptual drawings of t h e s e  designs are shown i n  

Figures 10, 11, 12, and 13. The i n j e c t o r s  i nc lude  t h e  following type: 

1, 54-Element T r i p l e t  

2 .  108-Element T r i p l e t  

3. 432-Element T r i p l e t  

4. Concentric Sheet 
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V, B, I n j e c t o r  Design C h a r a c t e r i s t i c s  (cont . )  

These i n j e c t o r s  had t h e  following design f e a t u r e s  i n  common: 

Oxidizer v e l o c i t y  - 150 f t / s e c  

Fuel  v e l o c i t y  - 525 f t / s e c  

Fuel  temperature - 80°R 

Oxidizer AP - 350 p s i  

Fuel  AP - 260 p s i  

Oxidizer i nc lude  impingement angle  - 60" 

V I .  FULL SCALE TEST RESULTS ON THE ANNULAR COAXIAL INJECTOR 

A. TEST 1100-D01-OM-001 (SATISFACTORY TEST) 

This test w a s  planned t o  o p e r a t e  a t  a chamber p re s su re  of  1500 p s i a  

at  a MR of 4.0 f o r  2.0 seconds u t i l i z i n g  S/N -1 chamber and a -1 nozz le  

(At = 28.3 i n .  ) and a c o a x i a l  i n j e c t o r .  

Pc of 1430 p s i a  and a MR of 6.24. 

because a vo l t age  surge occurred when t h e  f i r s t  p u l s e  gun w a s  f i r e d ,  which 

a c t i v a t e d  FS-2. 

i n  t h e  pu l se  charge electrical c i r c u i t .  S l i g h t  e ros ion  of t h e  a b l a t i v e  l i n e r  

w a s  noted a f t e r  t h i s  test;  t h e  f i n a l  t h r o a t  area w a s  32 i n .  . No s t r e a k i n g  

was  noted; however, increased a b l a t i o n  and e ros ion  w e r e  noted nea r  t h e  i n j e c t o r  

face.  There 

w a s  a 20% overpressure a t  start i n d i c a t i n g  a moderate s ta r t .  

2 The a c t u a l  test w a s  conducted a t  a 

The test w a s  s h o r t  i n  du ra t ion  (1.60 seconds) 

Cor rec t ive  a c t i o n  w a s  taken by i n s t a l l i n g  a l a r g e r  r e s i s t o r  

2 

Three Photocon p res su re  t ransducers  w e r e  damaged during t h e  test .  

B e  TEST 1100-Dol-OM-082 (SATISFACTORY TEST) 

This tes t  w a s  planned t o  o p e r a t e  a t  a P = 1500 p s i a ,  MR = 6 ,  and 
C 

f u e l  temperature = 80°R f o r  a 2.0 second dura t ion .  

changed a f t e r  Test 001 except f o r  replacement of  t h e  damaged Photocon p res su re  

There w a s  no hardware 
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V I ,  B,  T e s t  1100 D01-OM-002 ( S a t i s f a c t o r y  Tes t )  (cont.)  

t ransducers .  Actual average ope ra t ing  condi t ions of t h e  test were P 

MR = 5.58 Tf = 126'R; t h e  test went t o  f u l l  du ra t ion  (1.94 sec). 

w a s  noted on f o u r  Photocon t ransducers  and t h e  c e n t e r  body nozzle  extension 

w a s  missing a f t e r  t h e  test. Although t h e  o v e r a l l  dimensional a b l a t i o n  of t h e  

l i n e r  w a s  s m a l l ,  i t  w a s  noted t h a t  t h e  chamber had eroded a l e a k  pa th  i n  back 

of t h e  a b l a t i v e  l i n e r  from t h e  i g n i t e r  p o r t  t o  t h e  i n t e r f a c e  of t h e  l i n e r  with 

t h e  nozzle i n s e r t .  

threads were damaged. 

f o r  r e p a i r .  A review a f t e r  test ind ica t ed  a l l  p u l s e  guns f i r e d .  There w a s  a 

30% overpressure a t  s tar t  i n d i c a t i n g  a moderately hard s tar t .  

= 1244 p s i a ,  
C 

Thermal damage 

The nozzle of a n  expended i g n i t e r  w a s  burned o f f  and t h e  

The damaged combustion chamber w a s  removed from t h e  s t a n d  

C . TEST 1100-D01-OM-003 (SATISFACTORY TEST) 

A new chamber and nozzle were i n s t a l l e d  on t h e  coaxial  i n j e c t o r .  

Modifications were made t o  t h e  Photocon p o r t  conf igu ra t ion  t o  alter t h e  thermal 

condi t ions causing damage t o  t h e  instruments .  This change cons i s t ed  of d r i l l i n g  

a 0.312-in.-diameter ho le  i n  t h e  l i n e r  (centered wi th  t h e  Photocon t r ansduce r )  

and gasketing t h e  Photocon so as t o  produce a gap between the  instrument pres-  

s u r e  p l a t e  and t h e  a b l a t i v e  l i n e r  of 0.100 - + 0.030 inches.  

t e d  g r e a t e r  d i s t r i b u t i o n  of  t h e  thermal f l u x  t o  t h e  p re s su re  t ransducer .  

This change permit- 

This test w a s  planned t o  ope ra t e  a t  P = 2500 

Tf 80'R f o r  2.0 seconds. The test w a s  of f u l l  du ra t ion  

ope ra t ing  condi t ions were n o t  achieved because of a va lve  

C 
p s i a ,  MR = 6.0,  and 

(2.0 seconds) bu t  

ac tua t ion  malfunction 

which caused t h e  valves t o  open only 10%. The r e s u l t a n t  chamber operat ing 

condi t ions were 465 p s i a  a t  a MR of  3.73, with f u e l  temperature 113'R; a l l  

p u l s e  guns f i r e d .  There w a s  no evidence of damage a f t e r  t he  f i r i n g ;  normal 

dimensional a b l a t i o n  w a s  noted. 
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V I ,  F u l l  Sca le  Test Resu l t s  on t h e  Annular Coaxial I n j e c t o r  (cont . )  

D . TEST 1100-D01~OM-004 (SATISFACTORY TEST) 

This test w a s  a repeat of t h e  opera t ing  condi t ions of T e s t  903 

= 2500, MR = 6.0 and Tf 80"R). The c o n t r o l  system w a s  a l t e r e d  f o r  t h i s  (pC 
test t o  reduce the  P overshoot and thus s o f t e n  t h e  start  and inc rease  i n  valve 

ac tua t ion  pressure  t o  prevent  malfunction as i n  T e s t  003. 

sequence w a s  charged t o  ramp p a r t i a l l y  open before  being cont ro l led  by t h e  

downstream i n j e c t o r  pressure .  The change r e s u l t e d  i n  t h e  chamber p re s su re  

overshoot being held t o  under 2%. 

C 
The hydrogen valve 

The test condi t ions  which r e s u l t e d  w e r e :  

= 2400, MR - 5.77 and Tf = 108"R. The dura t ion  w a s  less than 2 seconds 
pC 
because t h e  combustion s t a b i l i t y  monitor s igna led  shutdown. 

t ransducers  were damaged and requi red  replacement. 

w a s  noted. 

Two Photocon 

Light  dimensional ab la t ion  

E .  TEST 1100-D01-OM-005 (UNSATISFACTORY TEST) 

The test condi t ions  were Pc = 2500 p s i a ,  MR = 4.0 and Tf 80"R. 

The p r e f i r e  t h r o a t  area was 19.45 square inches.  

t h e  valves  f a i l e d  t o  open t h e  requi red  amount. 

i n  a test du ra t ion  of 1.10 seconds. 

Because of a malfunct ion,  

The malfunction r e s u l t e d  

F. TEST 1100-D01~OM-006 (SATISFACTORY TEST) 

This test w a s  a r epea t  of t h e  p r i o r  test  condi t ions ,  

(Pc = 2500, MR = 4.0 arid Tf The hydraul ic  pressure  which a c t u a t e s  

the  t h r u s t  chamber valves w a s  again increased  t o  a s s u r e  valve opening. The 

test was  conducted a t  a chamber pressure  of 2320 p s i a ,  MR of 3.79 and a f u e l  

temperature of 125"R. 

pressure  which a c t i v a t e d  t h e  t h r u s t  chamber p re s su re  switch a t  1.25 seconds. 

The f i n a l  t h r o a t  area was  19.45 i n . 2  and a f t e r  f i r i n g  i t  w a s  20.20 i n .  . 
N o  s t reaking  w a s  observed. 

80"R). 

The dura t ion  w a s  shortened by a decrease i n  chamber 

2 
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V I ,  F u l l  Scale Test Resu l t s  on t h e  Annular Coaxial  I n j e c t o r  ( con t , )  

G. TEST 

This 

a t i n g  condi t ions 

1100-Dol-QM-007 (SATISFACTORY TEST) 

test was t h e  f i n a l  one on t h e  coax ia l  i n j e c t o r .  

= 1500 p s i a ,  MR = 6.0 and Tf = 200'R. were : 

Planned oper- 

Because of t h e  
pC 

decreased d e n s i t y  of "warm" hydrogen t h e  d u r a t i o n  w a s  set a t  1.46 seconds. 

test was shut  down by t h e  f u e l  dep le t ion  switch.  The a c t u a l  cond i t ions  were: 

Pc = 1440 p s i a ,  MR = 9.53 and Tf = 200'R. 

square inches and increased t o  22.25 square inches.  

a b l a t i o n  was noted. 

The 

The p r e f i r e  t h r o a t  area was 20.20 

Nominal dimensional 

V I I .  TEST RESULTS OF TRANSVERSE EXCITATION CHAMBER TESTING 

A ,  TEST 1100-DO2-OM-001, 10/20/67 (UNSATISFACTORY TEST) 

T e s t  hardware included a S/N 002 chamber wi th  t h r e e  eleven- 

element i n j e c t o r  i n s e r t s  w i th  t h e  corresponding -5 wedge and -11 nozzle .  The 

planned test operat ing condi t ions were: 

f o r  a 0.80 sec durat ion.  

Pc = 1500 p s i a ,  MR = 6.0, Tf 2 80"R 

The test was conducted a t  a Pc of 960 p s i a  and an est imated MR of 

10.0. The a c t u a l  va lue  of MR was no t  obtained from test d a t a  because of s eve re  

flow f l u c t u a t i o n s  i n  both f u e l  and ox id ize r  systems. 

0.509 sec.  Malfunction sequence c i r c u i t r y  s ignaled FS-2 when P f a i l e d  t o  

exceed 1,000 p s i .  

opening a t  t h e  t h r o a t  (0.630 i n .  wide by 0.250 i n .  high r ec t angu la r  s l o t )  and 

the  30 i n .  d i s t a n c e  t o  t h e  i n j e c t o r  f a c e  made hardware in spec t ion  d i f f i c u l t .  

Evidence of s l a g  on the  wedge and a darkening of t h e  i n j e c t o r  f a c e  ind ica t ed  

t h a t  a s l i g h t  erosion had occurred. A survey of t h e  test d a t a  ind ica t ed  a 

f a i r l y  s o f t  s tar t  (no p res su re  s p i k e ) ,  b u t  t h e  flow had no t  reached s teady s ta te .  

The test du ra t ion  w a s  

C 

The f u e l  temperature a t  t h e  i n j e c t o r  was 400"R. The narrow 
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V I I ,  A, Test 1100-D02-OM-001, 10-20-67 (Unsa t i s fac tory  Tes t ) (cont . )  

The following changes were made before  proceeding t o  t h e  next  test:  

1. 

reduce flow o s c i l l a t i o n s .  

Oxidizer and f u e l  va lve  opening t i m e s  w e r e  increased  t o  

2. Duration t i m e  w a s  increased  t o  a l low hydrogen temperature i n  

the  f u e l  manifold t o  reach a cons tan t  va lue .  

3.  The minimum P k i l l  parameter w a s  reduced t o  1000 p s i a  t o  
C 

700 p s i a  t o  prevent  malfunction shutdown due t o  low i n i t i a l  Pc. 

4 .  Fuel tank p res su re  was increased  t o  obta in  higher  f u e l  

flow t o  compensate f o r  h ighe r  p rope l l an t  temperatures i n  t h e  f u e l  manifold. 

E. TEST 1100-D02-OM-002, 10/20/67 (UNSATISFACTORY TEST) 

The same hardware used f o r  T e s t  001 w a s  used f o r  T e s t  002. The 

following condi t ions  were des i r ed ;  Pc = 1500 p s i a ,  MR = 6.0, f u e l  tempera- 

t u r e  = 80'F. 
dura t ion  of 1.050 sec .  

The test w a s  conducted a t  a chamber p re s su re  of 1000 p s i a  f o r  a 

The average f u e l  temperature w a s  250OR. Inspec t ion  of t h e  hardware 

a f t e r  t h e  test  ind ica t ed  t h a t  severe eros ion  had occurred a t  the  f a c e  of t h e  

i n j e c t o r .  The ox id ize r  o r i f i c e s  of t h e  c e n t r a l  i n j e c t o r  w e r e  t o t a l l y  eroded 

away exposing the  ox id ize r  manifold,  and t h e  f u e l  o r i f i c e s  w e r e  eroded u n t i l  

only tubes remained where t h e  c e n t r a l  f u e l  pos t  w a s .  

a f t e r  removal from t h e  chamber i s  shown i n  Figure 1 4 .  

revealed t h a t  both t h e  l i d  and chamber cavi ty  were s i m i l a r l y  eroded (Figure 15 ) ;  

damage t o  t h e  wedge w a s  s l i g h t .  A review of the  osc i l lograph  record ind ica t ed  

t h a t  t h e  ox id ize r  o r i f i c e s  burned o u t  a t  FS-2. The flow o s c i l l a t i o n s  were not  

A view of t he  i n j e c t o r s  

Removal of t h e  l i d  
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V I I ,  B,  Test 1100-D02-OM-002, 10/20/67 (Unsat isfactory Test)  (cont  .) 

as severe as those  of Test 001 and w e r e  damped by 0.8 sec. 
temperature w a s  decreasing wi th  t i m e ,  t h e  rate w a s  i n s u f f i c i e n t  t o  approach 

t h e  d e s i r e d  H 

The changes i n  t h e  test  s e t u p  which were made after T e s t  001improved ope ra t ing  

condi t ions b u t  d i d  no t  t o t a l l y  e l imina te  t h e  p r o p e l l a n t  t r a n s p o r t  problem. 

P r i o r  t o  t h e  n e x t  test  t h e  following changes w e r e  made: 

Although t h e  f u e l  

temperature condi t ions w i t h i n  t h e  p r a c t i c a l  test  du ra t ion .  2 

1. An o r i f i c e  w a s  placed i n  t h e  ox id ize r  l i n e  t o  harden t h e  

system and reduce t h e  flow o s c i l l a t i o n s  due t o  manifold p re s su re  surge.  

2.  The manifold volume w a s  reduced and a j a c k e t  t o  cool t h e  

remaining manifold with l i q u i d  n i t r o g e n  w a s  added. 

3 .  The system w a s  balanced f o r  a MR = 4.0 tes t  using t h e  

temperature of  l i q u i d  N 

f u e l  temperature. 

i n  t h e  j a c k e t  around t h e  f u e l  manifold as t h e  expected 2 

C.  TESTS 1100-D02-OM-003 and 004 (FUEL VALVE MALFUNCTION) 

S/N 001 chamber w a s  assembled wi th  a -3 chamber wedge and a -21 

nozzle.  This conf igu ra t ion  included f o u r  i n j e c t o r  i n s e r t s  i n  a 19.8' chamber. 

Operating cond i t ions  included an MR of  4 , O  with an expected f u e l  temperature 

of 150'R a t  t h e  i n j e c t o r  and a Pc of 1500 p s i a .  

Both tests were u n s a t i s f a c t o r y  due t o  a malfunctioning f u e l  valve. 

The malfunction w a s  a t  first thought t o  b e  i n s u f f i c i e n t  hydrau l i c  a c t u a t i o n  

p res su re ;  however, t h e  problem continued after system changes were made t o  

accommodate a 30% i n c r e a s e  i n  a c t u a t i o n  p res su re .  

w a s  found t o  be  a f rozen  a c t u a t i o n  d i scha rge  l i n e  which w a s  immediately rerouted.  

A f t e r  Test 004 t h e  problem 
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VII, Test Resu l t s  of  Transverse E x c i t a t i o n  Chamber Test ing (cont . )  

D. TEST 1100-D02-OM-005 (SATISFACTORY TEST) 

The test was  conducted using chamber S/N 001 having a 19.8" chamber 

angle ,  a -3 wedge and a -21 nozzle  i n s e r t .  

which had 11 t r i p l e t  elements p e r  i n j e c t o r .  

Pc = 1500 p s i a ,  f u e l  temperature a t  t h e  i n j e c t o r  = 150"R and MR = 4.0 with a 

test du ra t ion  of  0.75 sec. 

first two tests w a s  overcome by t h e  i n c r e a s e  i n  valve opening t i m e  and place-  

ment of an o r i f i c e  i n  t h e  f u e l  l ine .  

allowed a lower f u e l  i n j e c t i o n  temperature t o  b e  a t t a i n e d  (110"R compared t o  

315"R f o r  t h e  same t i m e  from FS-1 on T e s t  002). 

0.595 seconds by t h e  timed t h r u s t  chamber p re s su re  switch.  

condi t ions w e r e  as follows: 

Four -3 i n j e c t o r  i n s e r t s  were used 

The planned test condi t ions w e r e :  

The flow o s c i l l a t i o n  problem encountered i n  t h e  

The n i t r o g e n  j a c k e t  on the  f u e l  manifold 

The engine w a s  shutdown a t  

Actual ope ra t ing  

Pc = 1390 p s i a ,  MR = 3.64, and T f J  = 110"R. 

Inspec t ion  of  t h e  hardware after t h e  test i n d i c a t e d  t h a t  e ros ion  

had taken p l a c e  on t h e  f a c e  of t h e  i n j e c t o r  i n s e r t s ;  t h e r e f o r e ,  two o f  t h e  fou r  

i n j e c t o r s  were replaced.  The two wi th  t h e  most severe f a c e  e ros ion  were loca ted  

i n  t h e  c e n t e r  of t h e  chamber and thus  would b e  sub jec t ed  t o  t h e  g r e a t e s t  t r ans -  

verse v e l o c i t y  e f f e c t s .  

Tests 001 and 002. A photo of t h e  i n j e c t o r s  after T e s t  005 i s  shown i n  

Figure 16 i n  t h e  same o r d e r  as removed from t h e  e x c i t a t i o n  chamber. 

outboard i n j e c t o r s  were r e t a i n e d  f o r  Test 006 and t h e  two center i n j e c t o r s  were 

replaced.  

t h e  i n j e c t o r  i n s e r t s  were replaced.  

This  w a s  a l s o  t h e  case with t h e  damage noted a f t e r  

The two 

The chamber w a s  n o t  damaged and w a s  ready f o r  r e t e s t i n g  as soon as 

E. TEST 1100-D02-OM-006 (SATISFACTORY TEST) 

The hardware used f o r  t h i s  test w a s  t h e  same as w a s  used f o r  

T e s t  005, except t h a t  t h e  two c e n t e r  i n j e c t o r  i n s e r t s  were replaced.  

test condi t ions w e r e  as fol lows:  

a test du ra t ion  of 0.7 seconds. 

The planned 

Pc = 1500 p s i a ,  MR = 5.0 and T f J  = 150"R with 

The engine w a s  s h u t  down a t  0.675 sec by t h e  
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V I I ,  E ,  Test 1100-D02-OM-006 ( S a t i s f a c t o r y  T e s t )  (cont.)  

FS-2 timer. 

Pc = 1370 p s i a  and TfJ  = 150OR. 

burned ou t ,  a l lowing a h o t  gas flow pa th  which subsequently eroded t h e  t r ans -  

ducer p o r t .  Erosion of i n j e c t o r s  similar t o  t h a t  experienced during T e s t  005 

w a s  observed, and t h e s e  i n j e c t o r s  are shown in Figure 16b i n  t h e  same o r d e r  

as removed from t h e  e x c i t a t i o n  chamber. 

The a c t u a l  ope ra t ing  condi t ions f o r  t h e  test were: 

A f t e r  FS-2 a Photocon p res su re  t ransducer  

MR = 3.62, 
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Damaged E x c i t a t i o n  Chamber 
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Damaged I n j e c t o r  Inserts from Tests 005 and 006 
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LIST OF ABBREVIATIONS AND SYMBOLS 
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A 
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h 

I 

I 

Nozzle admittance c o e f f i c i e n t  def ined  by equat ion (35) 

Real and imaginary p a r t  of A 
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LIST OF ABBREVIATIONS AND SYMBOLS (cont . )  

TF Equivalent l i n e a r  t r a n s f e r  func t ion  

Limiting l i n e a r  t r a n s f e r  func t ion  TFum 

t T i m e ,  sec 

Burning t i m e ,  sec 

U Axial dependency of t h e  a x i a l  v e l o c i t y  pe r tu rba t ion  

1-I Axial component of t h e  v e l o c i t y  vec to r  

Mach number a t  t h e  exit  of t h e  combustion chamber 'e 

VR Veloci ty  r a t i o  of i n j e c t e d  p r o p e l l a n t  f u e l  v e l o c i t y  t o  
o x i d i z e r  v e l o c i t y  

V Axial dependency of t he  r a d i a l  p e r t u r b a t i o n  

V Radial  component of  t h e  v e l o c i t y  vec to r  

Fuel i n j e c t i o n  v e l o c i t y ,  f t / s e c  F V 

V Oxidizer i n j e c t i o n  v e l o c i t y ,  f t /sec 
X 

W Tangent ia l  component of t h e  v e l o c i t y  vec to r  

F Fuel f lowrate ,  l b / s e c  e 
i Oxidizer f lowra te ,  l b / s e c  

X 

Mass f r a c t i o n  concen t r a t ion  

Axial  component of c y l i n d r i c a l  coord ina te  system 

yX 

z 

z Axial l o c a t i o n  of chamber e x i t ,  i n .  

r Auxil iary func t ion  def ined by equat ion (15) 

e 

Y Ra t io  of t h e  s p e c i f i c  h e a t s  

Radial  displacement parameter def ined by equat ion (21) 

Tangent ia l  displacement parameter def ined by equat ion (21) 

'r 

5 Dummy v a r i a b l e  of i n t e g r a t i o n  

V 
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LIST OF ABBREVIATIONS AND SYMBOLS (cont.) 

Angular component of c y l i n d r i c a l  coord ina te  system 

Elapsed f r a c t i o n a l  po r t ion  of t o t a l  t i m e  l a g  

Fuel o r i f i c e  impingement angle  

Oxidizer o r i f i c e  impingement angle  

Real p a r t  of complex frequency 

Densi ty ,  - 3 

Complex frequency (u=h + iw) 

Sens i t i ve  t i m e  l a g  

To ta l  t i m e  l a g  

Veloci ty  p o t e n t i a l  

t h  

f t  

Stream func t ion  

Auxil iary func t ion  def ined by equat ion (15) 

Imaginary component of complex frequency 

Chamber frequency, hz 

No z z l e  frequency , hz 

SUBSCRIPT: e Chamber e x i t  

L Liquid 

-f Vector 

SUPERSCRIPTS: - Steady s ta te  parameter 

* Complex conjugate  

* Dimensioned v a r i a b l e  

’ Per tu rba t ion  va lue  

v i  
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LIST OF ABBREVIATIONS AND SYMBOLS (cont . )  

Gas/ l iquid momentum interchange c o e f f i c i e n t  

Cyl indr ica l  chamber l eng th ,  i n .  

Radial  ve loc i ty  i n t e r a c t i o n  index def ined by equat ion (18) 

Tangent ia l  v e l o c i t y  i n t e r a c t i o n  index def ined by equat ion (18) 

Chamber Mach number 

Rat io  of ox id i ze r  flow rate t o  f u e l  flow rate 

Burning rate 

I n j e c t i o n  rate l b / s e c  

r a d i a l  displacement index def ined  i n  (21) 

Tangent ia l  displacement index def ined i n  (21) 

Generalized i n t e r a c t i o n  index 

Longi tudinal  mode number 

Normalized counterpar t  of N 

Number of chamber f requencies  t o  be used 

Di rec t iona l  normal t o  s t reaml ine  

Pressure  i n t e r a c t i o n  index def ined by equat ion (18) 

Minimum value of pressure  i n t e r a c t i o n  index 

Nonlinear output  of a nonl inear  element 

Pressure  feedback parameter def ined by equat ion (23) 

Axial  dependency of t h e  pressure  pe r tu rba t ion  

Chamber pressure ,  p s i a  

C r i t i c a l  p ressure ,  p s i a  

Chamber pressure ,  p s i a  

v i i  
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LIST OF ABBREVIATIONS AND SYMBOLS (cont . )  

Rat io  of chamber pressure  t o  c r i t i c a l  p re s su re  
of con t ro l l i ng  p rope l l an t  

Burning rate pe r  u n i t  volume 

Velocity vec to r  

Radia l  v e l o c i t y  feedback parameter def ined by equat ion (23) 

Same as R 

Displacement counterpar t  of R 

Real p a r t  of P 

Defined by equat ion (26)  

Radial  component of c y l i n d r i c a l  coordinate  sys  tern 

Chamber r ad ius ,  i n .  

Axial  dependency of t h e  entropy pe r t ruba t ion  

Transverse a c o u s t i c  mode number def ined by equat ion c15) 

Same as S def ined by equat ion (69) 
v ,T) 

Streamline d i r e c t i o n  

Tangent ia l  v e l o c i t y  feedback parameter def ined by equation (23) 

Same as T 

Displacement counterpar t  of T 

Temperature, O R  

v i i i  
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I. THEORY 

A. GENERAL APPROACH 

The simplifying assumptions on which the mathematical treatment of 
combustion instability are based are the following: 

(a) The substance contained in the combustion chamber is either in 
the form of liquid propellants, of practically zero volume, or in the form of 
complete combustion gases. 

(b) The combustion gases are of constant composition; they obey 
the perfect gas law and have constant specific heats. 

(c) Frictional effects on the walls are neglected, and only those 
are taken into account which result in the liquid droplet drag. 

(d) 
oscillations in the chamber, and hence the injection flux and velocity are 
the same as steady conditions. 

The flow of injected propellants is unaffected by pressure 

(e) The steady-state gas flow is uniform across any chamber section. 

(f) In steady-state, the total energy (internal and kinetic) of 
the droplets remains constant. 

(8) The steady-state flow in the nozzle is one-dimensional. 

(h) The unsteady, oscillatory quantities in the chamber and in 
the nozzle can be obtained by superposing small perturbations to the steady- 
state quantities, 
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I, A, General Approach (cont.) 

(i) The gas flow Mach number is always sufficiently small so that 

the cube can be neglected compared to unity. 

(j) The time dependence of the perturbations can be expressed in 

complex form as exp (ut) where u = X + iw is the same complex quantity for all 
perturbations. Here, w is the angular frequency and X the amplification 
coefficient. 

B. GOVERNING EQUATIONS 

1. General Equations 

The equations governing the unsteady, two-phase flow in the 
combustion chamber are derived from the principles of conservation of mass, 
momentum, and energy, and the equation of state, according to the assumptions 
discussed in the previous section. It is convenient to work with the equations 
in nondimensional form. The reference quantities for the nondimensionalization 
are taken as the stagnation gas properties at the injector face (pressure, 
temperature, density, and speed of sound) together with a reference length, 
which is the chamber radius for transverse modes (the chamber length is 
generally used for longitudinal modes). 
following forms: 

The governing equations take the 

Conservation of mass, 

Conservation of momentum, 
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I, B, Governing Equations (cont.) 

Conservation of energy, 

Equation of state for the gas, 

P = pT 

Droplet drag (gas/liquid momentum interchange), 

and droplet energy, 

= o  
+ qL * vLs 

ahLS 

at + 

( 4 )  

It is necessary to express the governing equations, (1) to (a), 
in steady-state form and perturbed form. 
by writing all the unsteady relationships as the sum of a steady-state solu- 
tion and an unsteady solution. For example, 

The separation is accomplished 

ut u = U + u ' e  
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I, B, Governing Equations (cont.) 

It is noted that the perturbed portion of each parameter is 
harmonic with respect to time. 

2. Steady-State Equations 

The steady-state solution is assumed to be one dimensional 
although the perturbations are considered in three dimensions. 

the steady-state vectorial components of gas velocity, q, and liquid velocity, 

Therefore, 

, are given by the following relationships: 4L 

where u, u 

w, wL are the tangential components of q ,  qL. 

given by (7) and (8) into (1) to (6) and neglecting the time dependence, yields 
the following system of steady-state equations: 

are the axial components, v, vL are the radial components, and L 
Substituting the relationships 

Conservation of mass, 

Conservation of momentum, 

- 
dZ Y dZ 
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I, By Governing Equations (cont.) 

Conservation of energy, 

Equation of state (gas) 

- 
p = PT 

Droplet drag, 

k (G - GL) L - u - =  
L dZ 

Droplet energy , 

dhLs -=: 
dZ 

These equations are easily integrated to give the following relations: 
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I, B, Governing Equations (cont . )  

r- - 1 

j = 0 ,  1, 2, . . e 

It should be  noted t h a t ,  a t  Z = 0 ,  u = 0 and f; = = 1 

because of t h e  nondimensionalizing scheme. 

t o  be complete s o  t h a t  pL = 0 and 

conveniently i n t e g r a t e d  numerically f o r  % (Equation (10d) ) . 

A t  Z = Z E ,  combustion i s  assumed 

= 0. The d r o p l e t  drag equat ion i s  most 

3 .  The Pe r tu rba t ion  Equations: Wave Equations 

The per turbed equations are considered i n  t h r e e  dimensional 

form and t h e  r e s u l t i n g  system of equat ions is  l i n e a r i z e d .  That i s ,  t h e  

perturbed q u a n t i t i e s  are considered t o  be s m a l l  and, t h e r e f o r e ,  a l l  products 

of two o r  more per turbed t e r m s  are considered t o  be zero.  S u b s t i t u t i n g  

Equations ( 7 )  and (8) i n t o  Equations (1) t o  (6) y i e l d s  t h e  following system 

of equations: 

d; 
r (u + -)p' dZ az + u - 

+ - -  + au(, = Q (Pp' + Rv' + Tw') r a e  az 
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I, B ,  Governing Equations (cont.)  

where P = *(1-PT),  

r 1 

r n R = R (l-e-iwT) = - P, and 

7 = Ie(i-e i w - r )  = -  le P 
n 

Conservation of axial momentum, 

-- aut - aU;. -- av '  v i  1 a w l  + p u  (-+-+--) + 2PLuL ar r r 30 az + 2pu - 

lap' 
+ p L %  (r+-+--) = - -  

- -  av;, V '  aw;, 

r r a 0  Y az 

Conservation of r a d i a l  momentum, 
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I, B,  Governing Equations (cont.)  

Conservation of t a n g e n t i a l  momentum, 

-- awf  - - aw,: l a p '  
+ p u - + p u  - = - -  az L L az Y r  ae 

Conservation of energy and equat ion of state,  combined, 

- du 

- 
--2 aut  - d; -- a& 

az - (y-l)(pu = (a e + 6 - u d Z ' p f  + p u  
Y 

Droplet  dynamics, 

k Defining K = - k+u 
dZ 5 = (k+o) - 

L 
And - 

U 

Then 

Z 
v '  = K(l-e-')v' - Ke-' I e EX az dZ 

0 
L 

Z 
w = K(l-e-')w' - Ke-' ,f e 5 - aw'  dZ az 

0 
L 
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I, B, Governing Equations (cont,) 

1 aw;, av' - dCL +--+L)+&,? + -  
r ae az dz dZ % s o  (lli) 

In general, separation of variables is not possible with 
these equations, 
series such that each successive term in the series is less than its prede- 
cessor. Therefore, the pressure perturbation is written in the form 

A solution can be obtained by writing each quantity in a 

p' = p o + p 1 + p 2 + p 3 +  * pn+ * ' (12) 

where p 

Then p1 = 0 (ue 
chamber Mach number. Applying this approach to Equations (lla) through (llb), 
collecting terms of like order, and solving for the pressure results in wave 

can assume any magnitude within the restrictions of the analysis. 
0 

= 0 (zt  . po) and p = 0 (z: . po) where is the 
' PO)*, P2 n e 

equations for p PI' and p2: 

= o  2 2 
a Po - Po 

*This notation is used to indicate the order of magnitude of a given parameter. 
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I, B, Governing Equations (cont.) 

= A P + R2 + T 2  + 2 2 
Cr p 2 - v  p2 1 2  

2 a2 a 1 a2 a2 v = -  + - + - - + -  2 ar r ae2 az2 
where 

ar 

and A1, A 2 ,  A3, and A 4  are complicated functions of the lower-order solutions, 

po and pl. 
rate functions defined in Equation (lla); and P2, R 2 ,  and T2 are the corrected 
values resulting from the second-order solutions. 

P , R , and T are the first-order approximations to the burning 1 1  1 

The solutions of (13a) to (13c) are given by 

po (Z,r,e) = P COS h n(Z)$ (r) e ( e )  
00 

COS ve STANDING MODE 

e ( e >  
SPINNING MODE -ve e 

and J represents the Bessel function for the first kind of order v 
V 

% Z - -  'r - (-oYA + - B + - CVn) I G ( 5 )  sin h [ ~ ( Z - S ) ]  d 5 
0 

5 1  n vrl n vrl n 

2 2 2  where n = Cr + Svn 
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I, B, Governing Equations (cont.) 

z PL 
+ - ( 5 )  sin h [Q(Z-s)]  d 5 k+a - 

P 

These solutions depend on the following boundary conditions: 

2 = 0, u' = 0 
r = 1, v' = 0 
r = 0, v' < OD 

To complete the analysis, the combustion terms must be 
considered in detail and the boundary condition at the nozzle entrance (viz., 
the nozzle admittance condition) must be specified. 
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I, Theory (cont . )  

C . COMBUSTION RESPONSE 

1. General Formulation 

It i s  necessary now t o  provide a mathematical formulation f o r  

t h e  combustion terms i n  t h e  flow equat ions i n  terms of t h e  chamber cond i t ions ,  

Our q u a n t i t a t i v e  understanding of t h e  a c t u a l  combustion processes i s  n o t  

s u f f i c i e n t  t o  provide a mathematical model. Fortunately,  t h e  h e u r i s t i c  formula- 

t i o n  based on t h e  s e n s i t i v e  t i m e  l a g  concept seems t o  provide a good representa-  

t i o n  of t he  a c t u a l  combustion response. 

burning rate i s  immediately found by consider ing t h a t  t h e  f r a c t i o n  of p r o p e l l a n t  

burning a t  a c e r t a i n  s t a t i o n  i n  a t i m e  i n t e r v a l  d t  must have been i n j e c t e d  

during t h e  i n t e r v a l  d(t-Tt).  

and i n j e c t i o n  rates, we  must have 

The r e l a t i o n  between t i m e  l a g  and 

I f ,  then,  "6 and El. are t h e  corresponding burning 
1 

%dt = aid ( t - T  t )  

I n  s t eady- s t a t e  T~ does n o t  vary with t i m e ,  and hence, i f  t h e  i n j e c t i o n  r a t e  i s  

unaffected by t h e  o s c i l l a t i o n s  

= Ri 
From these  two r e l a t i o n s  w e  o b t a i n  t h e  f r a c t i o n a l  p e r t u r b a t i o n  of t h e  burning 

rate i n  t h e  form 

where, i n  accordance wi th  t h e  d e f i n i t i o n  of s e n s i t i v e  t i m e  l a g ,  t h e  v a r i a t i o n  

of T wi th  t i m e  i s  e n t i r e l y  due t o  t h e  v a r i a t i o n  of T and where T has  been 

assumed t o  be t h e  same f o r  a l l  p r o p e l l a n t  elements, and hence independent of 

t he  space coordinates .  

t '  
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I, C, Combustion Response (cont.)  

Turning t o  t h e  eva lua t ion  of d.r/dt, a s a t i s f a c t o r y  mathematical 

d e s c r i p t i o n  i s  obtained i f  one imagines t h a t  during t h e  s e n s i t i v e  t i m e  l a g  

c e r t a i n  preparatory processes ,  which need no t  be more p r e c i s e l y  de f ined ,  t ake  

p l ace  a t  a rate depending on t h e  l o c a l ,  instantaneous va lues  of q u a n t i t i e s  

r ep resen t ing  t h e  state and t h e  motion of t h e  gas  and d r o p l e t s .  When these  

preparatory processes ,  i n t e g r a t e d  over t h e  du ra t ion  of t h e  s e n s i t i v e  t i m e  l a g ,  

reach a c e r t a i n  f ixed  level ,  t h e  conversion i n t o  h o t  gases  t akes  p l a c e  

abrupt ly .  It is  clear,  then,  t h a t  when t h e  state and t h e  motion cond i t ions  

vary,  a l s o  t h e  du ra t ion  of t h e  s e n s i t i v e  (and hence, t h e  t o t a l )  t i m e  l a g  w i l l  

vary,  r e s u l t i n g  i n  a v a r i a b l e  rate of gas  production. 

The q u a n t i t a t i v e  formulat ion fol lows a t  once. I f  t h e  rate of 

t h e  preparatory processes  i s  given by a func t ion  f (p, T ,  v ,  e . a .) of t h e  

p e r t i n e n t  va lues  of t h e  p re s su re ,  temperature,  any r e p r e s e n t a t i v e  v e l o c i t y  

( for  i n s t a n c e  t h e  r a d i a l  gas  v e l o c i t y )  and poss ib ly  o t h e r  q u a n t i t i e s  r ep resen t ing  

t h e  condi t ions i n  t h e  chamber, t h e  s e n s i t i v e  t i m e  l a g  T f o r  a n  element burning 

a t  the  t i m e  t w i l l  be  given by the  equat ion 

It 
t - T  

f ( p ,  T ,  v ,  . , . .) d t ,  = Const. 

where t r e p r e s e n t s  t h e  burning t i m e .  Here t h e  va lues  of p ,  T ,  v ,  . . . . 
must be evaluated n o t  only a t  t i m e  t b u t  a l s o  a t  t h e  p o s i t i o n  where t h e  1' 
p a r t i c u l a r  p r o p e l l a n t  element f i n d s  i t s e l f  a t  t h a t  t i m e .  Since t h e  above 

r e l a t i o n  must be s a t i s f i e d  a l s o  i n  s teady ope ra t ion ,  i n d i c a t i n g  t h e  steady- 

state q u a n t i t i e s  with a superimposed ba r  we  must have 

1 
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I, C, Combustion Response (cont.)  

Now we in t roduce  t h e  pe r tu rba t ions ,  such t h a t  

p = G + p ; T = T + T ; v = ; + V * ;  * .  . . 

and expand t h e  rate func t ion  i n  a Taylor series 
- 

f ( p ,  T, v 2  . . . .) = f + f p*+ FTT‘+ f v  v’+ . . . . 
P 

where 7 = f (5, T, 5 ,  . . . .) and s i m i l a r l y  f o r  t h e  p a r t i a l  d e r i v a t i v e s  

f p Y  fT9  f v  
pe r tu rba t ions  assumption, t h e  Taylor series must be  stopped a f t e r  t h e  f i r s t  o rde r  

terms. 

of f with r e s p e c t  t o  t h e  s u b s c r i p t s .  Observe t h a t ,  under t h e  s m a l l  

I f  i t  i s  assumed t h a t  t h e  temperature i s  a func t ion  only of 

t h e  p re s su re  ( f o r  i n s t ance ,  through t h e  i s e n t r o p i c  d e f i n i n g  r e l a t i o n )  

T’= p’(dT/dp). Then, de f in ing  t h e  nondimensional i n t e r a c t i o n  i n d i c e s  
- n , R ,  . . . . as .F 

(18) 

L 

f ( p ,  T, v 2  , , . .) (1 +n c+ - R,v‘ + . . . .) 
P 

and Equation (17)  can be  w r i t t e n  i n  t h e  form 

- 
t - i-‘ f ( l  +T-I L+ - Rv’+ . . . .)dt12 + 1- ?‘(l+rl 2’ - + Rv’+ . . . . ) d t l  

t - T  P t - T  P 
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I, C, Combustion Response (cont.)  

Here t h e  i n t e g r a t i o n  i n t e r v a l  a t  t h e  L.H.S. of Equation (17) has been s p l i t  i n  

two p a r t s .  The f i r s t  i n t e r v a l ,  from t - T t o  t - T i s  of d u r a t i o n  T - T and 

hence of t h e  o r d e r  of t h e  p e r t u r b a t i o n  of t h e  t i m e  l a g .  Hence, compared with 

t h e  o t h e r  two i n t e g r a l s ,  t h e  f i r s t  i n t e g r a l  i s  of t h e  o rde r  of a pe r tu rba t ion .  

A s  a r e s u l t  i n  i t s  eva lua t ion  one can d i s r ega rd  i n  t h e  integrand t h e  terms 

containing t h e  pe r tu rba t ions  which, i n  view of t h e  small p e r t u r b a t i o n  assumption, 

would r e s u l t  i n  a n e g l i g i b l e  second o rde r  con t r ibu t ion .  Then, s implifying,  t h e  

above equat ion becomes 

I n  t h e  combustion i s  approximately c o n s t a n t ,  and i f  v i s  t h e  r a d i a l  gas 

v e l o c i t y ,  s o  t h a t  = 0 then f (5, 3)  is  a cons t an t ,  and so are rl and R .  

Then w e  o b t a i n  simply 

t / t - 
T - T = q  -E- - d t l  R I v h t l  + . . . . 

t-’r p t-S 
o r ,  d i f f e r e n t i a t i n g  with r e s p e c t  t o  t 

(19) 
I r 

P 

Again, i t  must be s p e c i f i e d  t h a t  while  p’(t)  i s  evaluated a t  t h e  conversion 

i n s t a n t  t a t  the  l o c a t i o n  where t h e  conversion t akes  p l ace ,  p’(t - T )  must be 

evaluated n o t  only a t  t i m e  t - T ,  b u t  a l s o  a t  t h e  l o c a t i o n  where t h e  p r o p e l l a n t  

w a s  a t  t h a t  t i m e ,  However, t h e  displacement of t h e  p r o p e l l a n t  during t h e  t i m e  

T produces a n  e f f e c t  of second order  i n  t h e  expression (19). A s  a reasonable  

approximation, t h e r e f o r e ,  both p’ ( t )  and p’(t - T )  can be evaluated a t  t h e  s t a t i o n  

when t h e  conversion i n t o  burned gases  t akes  place.  And, of course,  the same 

a p p l i e s  t o  the  v e l o c i t y  e f f e c t  of Equation (19),  and t o  o t h e r  p o s s i b l e  e f f e c t s ,  

- 
- 

- 

Page 15 



Report 20672-PIF9 Appendix B 

I, C ,  Combustion Response (cont . )  

I n  Equation (19) only t h e  p re s su re  s e n s i t i v i t y  and t h e  r a d i a l  

v e l o c i t y  s e n s i t i v i t y  are e x p l i c i t l y  considered. Concerning t h e  l as t  i t  must 

be added t h a t  o t h e r  components of t h e  gas  v e l o c i t y  can be  t r e a t e d  i n  exac t ly  

t h e  same fash ion ,  I f  one i s  i n t e r e s t e d ,  f o r  i n s t ance ,  i n  the  e f f e c t  of t he  

t r ansve r se1  nonuniformity of t h e  gas  composition, then a l s o  the  t a n g e n t i a l  

v e l o c i t y  component i s  r e v e l a n t ,  and correspondingly another  v e l o c i t y  s e n s i t i v e  

term must appear i n  Equation (19),  which becomes, i n  t h e  absence of o t h e r  

i n t e r a c t i o n s  

- - -  d-c - 11 [p’(t>-p’(t-T)] + )zr [v’(t)- v’(t-.r)] d t  

[w’ ( t )  -w’ (t-S> 1 
+ ‘e 

It must be observed t h a t ,  a c t u a l l y ,  when only t h e  e f f e c t s  of t h e  nonuniform 

gas composition on t h e  burning rate are sought,  what counts  i s  the  displacement 

of t h e  gases  w i t h  r e s p e c t  t o  t h e  d r o p l e t s ,  r a t h e r  than t h e  re la t ive v e l o c i t y ,  

This can be formalized by w r i t i n g ,  f o r  i n s t a n c e ,  i n s t ead  of (20), 

- d.r =q [ 5 ( t )  - ( t  - T ) ]  +Mr [6;(t)-6; (t-5) +M 6’(t)-6; (t-5) 1 - 
dt P P 

where M and M are two displacement i n d i c e s  r e l a t i v e  t o  the  r a d i a l  and 

t a n g e n t i a l  displacements 6 6 r e s p e c t i v e l y .  The two formulations (20) and 

(21) are c l o s e l y  c o r r e l a t e d ,  because of t h e  r e l a t i o n s  e x i s t i n g  between v e l o c i t i e s  

and displacements.  

r 8 

r’ 0 

I f  t h e  t i m e  dependence of t h e  p e r t u r b a t i o n s  i n  Equations (20) 

and (21) i s  taken t o  be  exp ( s t ) ,  t h e  r e s u l t  i s  
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I, C ,  Combustion Response (cont.)  

where t h e  q u a n t i t i e s  def ined by 

are, i n  view of (16), t o  be  i n t e r p r e t e d  as feedback f a c t o r s .  I n  t h i s  case the  

r e l a t i o n  between 

t h a t  

2. 

v e l o c i t i e s  and displacements i s  simply v'= o6'r, w'= os's0 e 

ORv, 7, - - oTV 

Relevance of t he  T i m e  Lag Formulation 

The impl i ca t ions  of t h e s e  equations are immediately seen,  by 

discussing f o r  i n s t ance  t h e  p re s su re  feedback f a c t o r  P. From (23) i t  can be 

seen t h a t  P = R + iI i s  a complex q u a n t i t y ,  having a component R i n  phase with 

t h e  p re s su re  o s c i l l a t i o n s  and one I i n  quadrature .  The component i n  Phase i s  

a c t u a l l y  only one r e spons ib l e  f o r  t h e  magnitude of t h e  energy feedback. For 

n e u t r a l  o s c i l l a t i o n s  (A-0), i t s  magnitude i s  immediately found t o  be 

q(l-Cosw y )  . 
f requencies  of t he  chamber, t he  energy feedback i s  zero i f  w? i s  a m u l t i p l e  of 

Zn, and has i t s  maximum v a l u e  when w y  is  n ,  37r, 5 n ,  . . . . When i s  around 

t h e  la t ter  va lues ,  i n s t a b i l i t y  i s  most l i k e l y  t o  appear.  

assigned va lue  ( c h a r a c t e r i s t i c  of t he  combustion system considered) t h e r e  would 

be according t o  t h e  p r e s e n t  formulation, n o t  one bu t  a series of p r e f e r r e d  

frequency ranges.  

t i o n s ,  and would seem t o  cast a doubt on t h e  v a l i d i t y  of t he  h e u r i s t i c  combustion 

model der ived from t h e  s e n s i t i v e  t i m e  l a g  concept. 

Thus, f o r  given rl and f o r  w determined by one of t h e  proper 

Hence, i f  ? has an' 

This conclusion does n o t  ag ree  wi th  the  experimental  observa- 

However, a c l o s e r  examination shows where t h e  reason of t h e  

disagreement r e s i d e s .  I n  Equation (17) t h e  rate func t ion  f ( p ,  T ,  v, . , . .) 
has been assumed t o  depend on the  chamber cond i t ions ,  bu t  no t  on t h e  progress  

of t h e  preparatory process  themselves, and hence on t h e  t i m e  elapsed s i n c e  the 
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I, C ,  Combustion Response (cont.)  

entrance of t h e  p r o p e l l a n t  i n  t h e  s e n s i t i v e  po r t ion  of t h e  t i m e  l ag .  I n  o t h e r  

words, t h e  e f f e c t  of given p e r t u r b a t i o n s  of t h e  chamber cond i t ions  on t h e  va lue  

of t h e  i n t e g r a l  a t  t h e  L.H.S. of Equation (17) is  t h e  same no matter where 

during t h e  s e n s i t i v e  t i m e  l a g ,  t he  p e r t u r b a t i o n s  t ake  place.  This is, indeed, 

i n  l i n e  with t h e  s t e p  f u n c t i o n  assumption concerning t h e  s e n s i t i v i t y ,  which has  

been assumed t o  be zero during t h e  i n s e n s i t i v e  po r t ion ,  and a t  a cons t an t  level  

during t h e  s e n s i t i v e  p o r t i o n  of t h e  t o t a l  t i m e  l a g  T t '  

I n  a more real is t ic  model, t h e  s t e p  func t ion  s e n s i t i v i t y  

should be replaced by a n  appropr i a t e  smooth d i s t r i b u t i o n  of some kind during 

t h e  whole I C ~ ,  wi th  a maximum toward i t s  end. 

of t h e  a n a l y s i s  (which can be found i n  Ref. 8), t h e  equat ion r ep lac ing  

Equation (19) f o r  t h e  case of pure p re s su re  s e n s i t i v i t y  can be given as 

Without e n t e r i n g  i n t o  t h e  d e t a i l s  

where 6 r e p r e s e n t s  t h e  f r a c t i o n  of t h e  t o t a l  t i m e  l a g  a l r eady  elapsed ( s t a r t i n g  

from the  i n j e c t i o n  i n s t a n t ) ,  and N ( 0 )  i s  a gene ra l i zed  i n t e r a c t i o n  index, which 

i s  now a gene ra l  func t ion  of t h e  i n s t a n t  considered during the  t i m e  l a g .  It 

can e a s i l y  be checked t h a t  f o r  N(8) = cons t  rl Equation (19) w i l l  be obtained.  

I f  t h e  exponent ia l  t i m e  dependence of p (with A =  0)  is  

introduced, t h e  feedback f a c t o r  i s  

iw: 6 1 I N ( e ) e  t de iw: 6 1 - 
p = R + i I  = - E = iw-r, I N ( e ) e  t de ;/; 
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I, C ,  Combustion Response (cont.)  

t he  real p a r t  of which, r e spons ib l e  f o r  t h e  energy feedback, reduces t o  

rl (1 - Cos w?) i f  N i s  assumed t o  t ake  t h e  va lues  zero f o r  

0 < 

func t ion  assumption about t h e  s e n s i t i v i t y .  

which l e a d s  t o  t h e  i n c o r r e c t  p r e d i c t i o n  of more than one p r e f e r r e d  frequency 

range f o r  a given '1. 

- 
0 < T~ - 7 and 11 f o r  Y t  - 7 < 7 6 < ? 

t -  t ' i n  accordance t o  t h e  s t e p  

This i s  indeed t h e  expression 
- t -  - 

I f ,  however, N is given a smooth v a r i a t i o n  t h i s  erroneous 

p r e d i c t i o n  disappears .  Take, f o r  i n s t ance ,  N(6) %(1 - Cos 21~0)  exp (-a0). 

This s e n s i t i v i t y  d i s t r i b u t i o n  vanishes  a t  t h e  two ends of t h e  t o t a l  t i m e  l a g ,  

and, f o r  s u f f i c i e n t l y  l a r g e  va lues  of a, is  s t rong ly  skewed towards i t s  end, as 

Figure 1, corresponding t o  a = 30 shows. Here w e  have p l o t t e d  t h e  "normalized" 

s e n s i t i v i t y  N = N/ (N) , where (N) = J1 Nd6 has been p l o t t e d .  Defining a l s o  n 0 
Rn = R/(N) and I = I / ( N )  t h e  real p a r t  of t h e  feedback f a c t o r ,  f o r  l a r g e  a is  

given by 
rl 

2 2 2  aB (a + 1 )  (3a2 + 1 - B 1 
R = Z I T  2 2  + B2)[(a2 + 1 - B2I2 + 4 0, B 1 rl ( a  

where&= a / 2 ~  and 

corresponding t o  t h e  s tep-funct ion d i s t r i b u t i o n  of N ,  t h i s  va lue  of Rrl i s  

p o s i t i v e  only f o r  w T  smaller than a w e l l  def ined v a l u e ,  above which i t  becomes 

and s t a y s  negat ive.  

Figure 2 shows t h e  d i s t r i b u t i o n  of Rrl and In up t o  t h e  peak, and shows f o r  

comparison curves obtained from t h e  equat ions 

= wYt/2.rr. It i s  clear t h a t ,  con t r a ry  t o  t h e  v a l u e  of R 

I n  t h e  r eg ion  of p o s i t i v e  R t h e r e  i s  only one peak. 
rl 

I*n = rl rl sin 
= n n  ( 1  - cos U T ) *  

R*rl 

f o r  t h r e e  d i f f e r e n t  choices  of rl and T ,  corresponding t o  t h e  s tep-funct ion 

d i s t r i b u t i o n s  shown on t h e  previous Figure 1. It appears  t h a t ,  d e s p i t e  t h e  

g r e a t  d i f f e r e n c e  i n  t h e  a n a l y t i c  form, equat ions of t h i s  type,  based on the  

rl 
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s e n s i t i v e  t i m e  l a g  concept,  are a p t  t o  r e p r e s e n t  q u i t e  w e l l  t h e  a c t u a l  behavior 

around t h e  maximum of R e This is  p a r t i c u l a r l y  t r u e  i f  one concen t r a t e s  on 

reproducing w e l l  only one of t h e  two curves,  f o r  i n s t a n c e  R on which the  

energy feedback depends. 

n 
rl '  

The conclusion t o  be drawn from these  cons ide ra t ions  i s  t h a t  

t h e  s e n s i t i v e  t i m e  l a g  formulat ion,  i n  i t s  s i m p l i c i t y ,  can r e p r e s e n t  q u i t e  

w e l l  more real is t ic  cases, provided one d i s r e g a r d s  a l l  higher  frequency 

ranges of i n s t a b i l i t y  and keeps only t h e  one corresponding t o  t h e  lowest 

frequency. This conclusion, der ived from t h e  h e u r i s t i c  formulation pre- 

sented above, seems t o  apply a l s o  t o  combustion models based on more 

phys ica l  grounds. It a p p l i e s ,  f o r  i n s t a n c e ,  t o  t h e  feedback f a c t o r  

c a l c u l a t e d  numerically by Heidmann on t h e  grounds of t h e  d r o p l e t  evapora- 

t i o n  model. This i s  shown by Figure 2, where t h e  feedback f a c t o r s  based 

on Heidmann's c a l c u l a t i o n s  f o r  two d i f f e r e n t  p re s su re  o s c i l l a t i o n  ampli- 

tudes are p l o t t e d  as a func t ion  of t h e  frequency (dashed curves) ,  and 

correspond q u i t e  w e l l  wi th  t h e  curves obtained with appropr i a t e  va lues  

of n and T, provided t h e  comparison is  l i m i t e d  t o  a range of frequency around 

t h e  peak of feedback. A l l  of t hese  cons ide ra t ions  help t o  g ive  a c e r t a i n  amount 

of confidence i n  t h e  s e n s i t i v e  t i m e  l a g  combustion model, and i t s  c a p a b i l i t y  

t o  r ep resen t  q u i t e  w e l l  t h e  energy feedback i n  t h e  r eg ion  where t h i s  assumes 

dangerous va lues .  However, i n  gene ra l ,  i t  i s  meaningless t o  look f o r  a n  imme- 

d i a t e  correspondence between t h e  va lues  of n and T and t h e  fundamental combus- 

t i o n  processes .  
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3 .  Veloci ty  S e n s i t i v e  Combustion 

It is d e s i r a b l e  t o  t ake  a c l o s e r  l ook  a t  t h e  dynamic a s p e c t s  

of v e l o c i t y  s e n s i t i v e  combustion. The most s i g n i f i c a n t  v e l o c i t y  e f f e c t s  

are those r e s u l t i n g  from t h e  r a d i a l  and t a n g e n t i a l  components of t h e  gas 

v e l o c i t y  pe r tu rba t ion .  I n  t h e  case of pu re ly  t r a n s v e r s e  modes, t h e  longi-  

t u d i n a l  v e l o c i t y  p e r t u r b a t i o n  component is  always much smaller than t h e  

t r ansve r se  components, I n  a d d i t i o n ,  t h e  l o n g i t u d i n a l  component vanishes  

a t  the i n j e c t o r  face and has i t s  smallest magnitude i n  the e a r l y  combustion 

zone, t h e  r eg ion  which appears t o  have t h e  g r e a t e s t  s i g n i f i c a n c e  f o r  t r ans -  

verse modes. 

spreading of t h e  combustion w i l l  r e s u l t  i n  s i z a b l e  l o n g i t u d i n a l  v e l o c i t y  

o s c i l l a t i o n s  f o r  higher  o r d e r  l o n g i t u d i n a l  o r  combined t ransverse-  

l o n g i t u d i n a l  modes, However, i n  such cases the  p re s su re  p e r t u r b a t i o n  w i l l  

become correspondingly small i n  t h a t  r eg ion ,  thus,  t h e  decreased p res su re  

e f f e c t  w i l l  c ance l  t h e  increased v e l o c i t y  e f f e c t ,  

t h e r e f o r e  only the e f f e c t s  of t h e  t r a n s v e r s e  v e l o c i t y  o s c i l l a t i o n s  w i l l  be 

considered i n  t h e  combustion response,  

It i s  p o s s i b l e  t h a t  i n  c e r t a i n  combustion chambers t h e  a x i a l  

I n  t h e  p re sen t  a n a l y s i s ,  

O f  t h e  va r ious  intermediate  processes  occurr ing during t h e  

combustion of l i q u i d  b i p r o p e l l a n t s ,  those most s e n s i t i v e  t o  v e l o c i t y  are 

t h e  vapor i za t ion  of t h e  l i q u i d  d r o p l e t s  and t h e  mixing of t h e  vaporized 

p rope l l an t s  t h a t  must precede chemical r e a c t i o n .  The t h e o r e t i c a l  s tudy of 

unsteady vapor i za t ion  by Wieber and Mickelsen (Ref. 1) i n d i c a t e s  t h a t  t h e  

evaporation rate i s  dependent on t h e  a b s o l u t e  magnitude of t h e  re la t ive 

v e l o c i t y  between d r o p l e t  and gas ,  t h e r e f o r e ,  t h e  vapor i za t ion  v e l o c i t y  

e f f e c t  i s  seen t o  be e s s e n t i a l l y  non l inea r ,  and cannot be t r e a t e d  wi th in  

the  framework of a l i n e a r i z e d  theory.  

t h e  p r o p e l l a n t s  by t h e  o s c i l l a t i n g  v e l o c i t i e s  may be  l i n e a r i z e d ,  and g ives  

rise t o  important modif icat ions of t h e  s t a b i l i t y  behavior of a combustor. 

Although no d e t a i l e d  d e s c r i p t i o n  of such a complex phenomenon i s  now 

On t h e  o t h e r  hand, t h e  mixing of 
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poss ib l e ,  t h e  following d i scuss ion  i l l u s t r a t e s  one process  by which t h e  

burning rate may be caused t o  o s c i l l a t e  by a n  o s c i l l a t i n g  t r ansve r se  gas  

v e l o c i t y .  

Consider f i r s t  t he  mixture  of gaseous combustion products ,  

vaporized p r o p e l l a n t s  (ox id i ze r  and f u e l ) ,  and l i q u i d  p r o p e l l a n t  d r o p l e t s  

a t  some axial  s t a t i o n  downstream from a fuel-on-oxidizer impinging doublet  

i n j e c t o r  element. Since l i q u i d  mixing is imperfect ,  some s t r a t i f i c a t i o n  

w i l l  exist  i n  t h e  mixture.  For concreteness ,  assume t h a t  t he  l i n e  of 

c e n t e r s  of t he  doublet  i s  a l igned  t a n g e n t i a l l y  ( i . e e s  normal t o  a r a d i u s ) .  

Then t h e  s t r a t i f i c a t i o n  is almost e n t i r e l y  i n  the  t a n g e n t i a l  d i r e c t i o n ,  as 

shown schematical ly  i n  Figure 3 by t h e  l i n e s  of cons t an t  mass f r a c t i o n  of 

vaporized ox id ize r  i n  t h e  mixture  yx. The exact  shape of t h e  cons t an t  yx 

contours w i l l  be dependent on t h e  i n j e c t o r  des ign ,  ope ra t ing  cond i t ions ,  

and p rope l l an t  c h a r a c t e r i s t i c s .  Because of t h e  turbulence i n  the  combustion 

chamber, t he  s t r a t i f i c a t i o n  p a t t e r n  shown r e p r e s e n t s  only a mean condi t ion.  

A s  a d r o p l e t  evaporates ,  t h e  vapor d i f f u s e s  away and must mix 

with t h e  o t h e r  vaporized p r o p e l l a n t  i n  t h e  p r o p e l l a n t  proport ions f o r  

chemical r e a c t i o n .  I n  a rocke t  combustor, t h e  t r a n s p o r t  and mixing are most 

l i k e l y  t o  be c a r r i e d  o u t  by turbulence r a t h e r  than by molecular d i f f u s i o n .  

The o v e r a l l  burning rate of a fue l - r i ch  d r o p l e t  w i l l ,  t h e r e f o r e ,  be a 

func t ion  of t h e  amount of ox id i ze r  vapor near  t h e  d r o p l e t .  

of small, p e r i o d i c  t a n g e n t i a l  gas  v e l o c i t y  o s c i l l a t i o n s  (w’e ), t he  

gaseous mixture w i l l  be d i sp l aced  re la t ive t o  t h e  d r o p l e t s ,  causing o s c i l -  

l a t i o n s  of t h e  l o c a l  mass f r a c t i o n s  of both o x i d i z e r  and f u e l .  Since a f u e l  

d r o p l e t  i s  i n  a n  oxidant-def ic ient  r eg ion ,  a v e l o c i t y  p e r t u r b a t i o n  which 

inc reases  t h e  ox id ize r  f r a c t i o n  i n  t h e  v i c i n i t y  of t h e  d r o p l e t  w i l l  i nc rease  

t h e  c o n t r i b u t i o n  of t h a t  d r o p l e t  t o  t h e  o v e r a l l  burning rate.  

i s  t r u e  f o r  a n  ox id ize r - r i ch  d r o p l e t  s u b j e c t  t o  t h e  same p e r t u r b a t i o n ,  

I n  the  presence 
i w t  

The oppos i t e  
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s i n c e  a n  ox id ize r  f r a c t i o n  inc rease  corresponds t o  a f u e l  f r a c t i o n  decrease.  

Thus, t h e  e f f e c t s  of t h e  s a m e  v e l o c i t y  pe r tu rba t ion  on t h e  two d r o p l e t s  w i l l  

tend t o  cancel, un le s s  t h e  p r o p e l l a n t s  have s i g n i f i c a n t l y  d i f f e r e n t  vapori-  

z a t i o n  rates. I n  t h e  l a t te r  case, a t  any a x i a l  s t a t i o n ,  t h e r e  w i l l  be a 

g r e a t e r  number of d r o p l e t s  of t h e  l e s s - v o l a t i l e  p r o p e l l a n t ,  and summation 

of t he  v e l o c i t y  e f f e c t  over a l l  of t h e  d r o p l e t s  i n  t h e  spray w i l l  r e s u l t  

i n  a n e t  c o n t r i b u t i o n  t o  t h e  burning rate. 

c l e a r l y  depend on t h e  amplitude of t h e  v e l o c i t y  as w e l l  as i t s  d i r e c t i o n .  

For small p e r t u r b a t i o n s ,  and f o r  t h e  doublet  spray shown i n  Figure 3a, 

t h e  burning rate c o n t r i b u t i o n  can be  w r i t t e n  i n  t h e  form 

This c o n t r i b u t i o n  w i l l  

i w t  f ’  = Rw” e 

where R i s  a v e l o c i t y  i n t e r a c t i o n  index analogous t o  t h e  p re s su re  i n t e r a c t i o n  

index def ined by Crocco. I n  the  case of a n  a r b i t r a r i l y  o r i en ted  spray,  such 

as shown i n  Figure 3b, t h e  burning rate p e r t u r b a t i o n  due t o  v e l o c i t y  e f f e c t s  

becomes 

(27) 
i w t  f ’  = (Rrv’ .I- R t  w’)e 

so  t h a t ,  i n  gene ra l ,  two v e l o c i t y  i n d i c e s  are necessary.  

It i s  clear t h a t  t h i s  l i n e a r i z e d  expression w i l l  n o t  be v a l i d  

f o r  a l l  types of i n j e c t i o n  p a t t e r n s .  For example, approximately l i n e a r  e f f e c t s  

can be expected with a fuel-on-oxidizer double and f o r  a l ike-on-like p a t t e r n  

i f  t h e  spacing between u n l i k e  f a n s  is  s u f f i c i e n t l y  small. However, f o r  l a r g e  

spacings,  nonl inear  v e l o c i t y  e f f e c t s  must be  taken i n t o  cons ide ra t ion .  

A t  p r e sen t ,  t h e  magnitudes of t h e  v e l o c i t y  i n d i c e s  cannot be 

ca l cu la t ed  because of t h e  l a c k  of q u a n t i t a t i v e  knowledge of t h e  processes  

involved i n  l i q u i d  p r o p e l l a n t  combustion under t u r b u l e n t  cond i t ions .  
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It is also possible to formulate the above discussion in 
terms of displacement interaction indices. 
components of the displacements be 6 e 
process rate perturbation can be written 

Letting the radial and transverse 
iwt and 6 ; e i w t ,  the net combustion r 

f’ = (mr6r + meBi)e iwt 

It is clear that m = iwl and me = idr. Thus, the displacement indices 
present at 90” phase shift with respect to the velocity indices. 

r r 

The analysis of the effects of velocity (or displacement) 
sensitivity on the stability of a combustor is considerably simplified by 
assuming that the velocity effects occur during the same internal (the 
sensitive time lag) as the pressure effects. In this case, the burning rate 
perturbation becomes 

where 

In equation (29), additional simplifications have been 
introduced by assuming that all propellant elements have equal mean sensitive 
time lags, and that the space lag associated with the sensitive time lag is 
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I, C,  Combustion Response (cont.)  

a n e g l i g i b l e  f r a c t i o n  of t h e  wave length .  

s e n s i t i v e  t i m e  l a g  varies from one p rope l l an t  element t o  another .  Crocco and 

Cheng have shown t h a t  t h i s  nonuniformity of t he  s e n s i t i v i t y  t i m e  l a g  l eads  t o  

increased s t a b i l i t y  of t h e  combustor. Therefore,  t h e  assumption of a uniform 

t i m e  l a g  produces a conservat ive s t a b i l i t y  pred ic t ion .  

I n  genera l ,  of course,  the  mean 

It would be poss ib l e  t o  gene ra l i ze  the  burning rate expression 

t o  a l low f o r  d i f f e r e n t  t i m e  l a g s  f o r  p re s su re  and v e l o c i t y  e f f e c t s .  

both mathematical and phys ica l  cons idera t ions  i n d i c a t e  the  d e s i r a b i l i t y  of t he  

simpler formulation. 

However, 

4 .  Approximate Treatment of Nonlinear Combustion Response 

Non l inea r i t i e s  a s soc ia t ed  wi th  o s c i l l a t o r y  combustion 

chamber opera t ion  can d e r i v e  from two sources:  

behavior of t h e  gases  i n  t h e  chamber, and (2) t h e  dynamics of t he  combustion 

process ,  It is  clear t h a t  s i g n i f i c a n t  i n t e r a c t i o n s  between the  two kinds can 

a l s o  occur.  

on the  f l u i d  mechanical a spec t s ,  is  d iscussed  i n  Sect ion I E .  The s t u d i e s  of 

P r i em and Guentert  have shown t h a t  combustion process  n o n l i n e a r i t i e s  can be 

important even f o r  o s c i l l a t i o n  amplitudes less than 20% of t h e  mean chamber 

pressure.  Thus, i t  is worthwhile t o  consider  non l inea r i ty  of  t he  combustion 

response while  r e t a i n i n g  t h e  l i n e a r i z e d  f l u i d  mechanical a n a l y s i s  with i t s  

a t tendant  s i m p l i f i c a t i o n .  

(1) t he  f l u i d  mechanical 

The genera l  na tu re  of nonl inear  e f f e c t s ,  wi th  p a r t i c u l a r  emphasis 

To insert nonl inear  combustion dynamics i n t o  the  framework 

of the  l i n e a r  theory,  some method of equiva len t  l i n e a r i z a t i o n  must be used. 

The method se l ec t ed  i n  t h i s  a n a l y s i s  is  the  "descr ibing funct ion" method. 
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When a s i n u s o i d a l  s i g n a l  i s  inpu t  t o  a nonl inear  element, t h e  

output  w i l l  n o t ,  i n  gene ra l ,  be  s inuso ida l .  Four i e r  a n a l y s i s  of t h e  ou tpu t  

w i l l  reveal many frequency components, among which is  one ( t h e  fundamental) 

t h a t  corresponds t o  t h e  frequency of t h e  i n p u t  s i g n a l .  For t h e  a n a l y s i s  of 

s t a b i l i t y ,  only t h e  fundamental frequency component i s  r equ i r ed ,  as shown 

by Reardon (Ref 2 ) .  

element can b e  def ined as t h e  r a t i o  of t h e  fundamental component of t h e  out- 

p u t  t o  t h e  inpu t .  Thus, i f  

An equ iva len t  l i n e a r  t r a n s f e r  func t ion  f o r  t h e  nonl inear  

i w  t f I(t) = Ie 

i s  t h e  inpu t ,  and 

is t h e  ou tpu t ,  t h e  equ iva len t  l i n e a r  t r a n s f e r  func t ion  i s  

For n o n l i n e a r i t i e s  t h a t  can be  t r e a t e d  by t h i s  method, l i n e a r  

behavior is  obtained f o r  l i m i t i n g  va lues  of t h e  inpu t  (e.g. ,  I 0 o r  I ). 

It is  convenient t o  d e f i n e  a "describing funct ion" f as 

f (w) = TF/ 

where (TF)LIN i s  t h e  l i m i t i n g  l i n e a r  t r a n s f e r  func t ion .  

a n a l y s i s  can be  extended t o  include i s o l a t e d  nonl inear  e f f e c t s  by r e p l a c i n g  

t h e  l i n e a r  t r a n s f e r  func t ion  of t h e  nonl inear  element by f(w) e (TF)LIN. 

Thus, a l i n e a r  
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I n  applying t h i s  approach t o  t h e  combust-Jn i n s t a b i  i t y  

problem, i t  is  assumed t h a t  t h e  only s i g n i f i c a n t  n o n l i n e a r i t i e s  are those 

a s soc ia t ed  with t h e  response of t h e  combustion process  t o  p re s su re  and 

v e l o c i t y  pe r tu rba t ions .  Three desc r ib ing  func t ions  are r equ i r ed ,  corres-  

ponding t o  t h e  combustion response t o  p re s su re ,  r a d i a l  v e l o c i t y ,  and 

t a n g e n t i a l  v e l o c i t y  pe r tu rba t ions .  Thus, t h e  combustion rate p e r t u r b a t i o n  

becomes 

Q’ = q[ f  (p’)Pp’+ fR(v’) Rv’ + f T  (W’). TW’] (32) P 

I n  t h e  above expression,  t h e  dependence of t h e  desc r ib ing  func t ions  on t h e  

pe r tu rba t ion  ( inpu t )  amplitude i s  shown e x p l i c i t l y .  This dependence on 

amplitude introduces complications i n t o  t h e  s o l u t i o n  of t h e  pe r tu rba t ion  

equations.  I n  gene ra l ,  t h e  inpu t  amplitude i s  a func t ion  of t h e  a x i a l ,  as 

w e l l  as t h e  t r ansve r se ,  space coordinate .  To ob ta in  a s o l u t i o n ,  i t  i s  

necessary t o  in t roduce  t h e  a d d i t i o n a l  s i m p l i f i c a t i o n  of neg lec t ing  t h e  

axial v a r i a t i o n  of p e r t u r b a t i o n  amplitude i n  t h e  eva lua t ion  of t h e  des- 

c r i b i n g  func t ion .  

approximation, and i t  breaks down s i g n i f i c a n t l y  only f o r  higher-order 

l o n g i t u d i n a l  modes. 

a t  t h e  i n j e c t o r  f a c e  w i l l  be  small. 

For pu re ly  t r ansve r se  modes, t h i s  i s  n o t  a n  unreasonable 

The e r r o r  made by us ing  t h e  p e r t u r b a t i o n  amplitudes 

To c a l c u l a t e  t h e  desc r ib ing  func t ions ,  i t  i s  necessary t o  

know t h e  shape of t h e  combustion response t o  each pe r tu rba t ion .  Since i t  

i s  assumed t h a t  t h e  e f f e c t s  are independent of each o t h e r ,  t h e  burning 

rate pe r tu rba t ion  can be  w r i t t e n  
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The procedure f o r  c a l c u l a t i n g  each desc r ib ing  func t ion  i s  t h e  same; there-  

f o r e ,  i t  is  necessary only t o  d i s c u s s  one, say,  t h e  p re s su re -e f f ec t  

desc r ib ing  func t ion .  

The inpu t  pe r tu rba t ion  is  ' / -  = PcosJl where $ = u t  and, from 

Fourier  a n a l y s i s  t h e  fundamental t e r m  of t h e  output  series is  

C+T 
r 

0 Pf (P) = / $p(PcosJl)e-iJld$ 
J 
C-IT 

Thus, t he  desc r ib ing  f u n c t i o n  i s  given by 

C+T 
P 

I n  t h e  expressions above, C i s  an a r b i t r a r y  cons t an t ,  and (TF)LIN i s  a 

s u i t a b l e  normalizing f a c t o r ,  such t h a t  f a 1  f o r  equ iva len t  l i n e a r  ope ra t ion ,  

The choice of (TF)LIN and depends on the  c h a r a c t e r i s t i c s  of each nonl inear  

response func t ion ,  and a gene ra l  r u l e  does no t  appear f e a s i b l e .  

The desc r ib ing  func t ion  method a p p l i e s  w e l l  t o  n o n l i n e a r i t i e s  

with odd symmetry (Figure 4a) .  

w i th  even symmetry, such as t h e  v e l o c i t y  e f f e c t  on vapor i za t ion ,  s i n c e  t h e r e  

i s  no c o n t r i b u t i o n  t o  t h e  fundamental t e r m  of t h e  Fourier  series. An intermediate  

case is  t h a t  of asymmetric response func t ion  (Figure 4b).  

t h e r e  w i l l  be  a s i g n i f i c a n t  c o n t r i b u t i o n  t o  t h e  fundamental o s c i l l a t i o n ,  b u t  

a change i n  t h e  mean burning ra te  as w e l l .  

rate occurs only during t h e  s e n s i t i v e  p o r t i o n  of t h e  t o t a l  t i m e  l a g  and s o  

w i l l  have a n e g l i g i b l e  in f luence  on t h e  s t eady- s t a t e  s o l u t i o n .  

It i s  no t  a p p l i c a b l e  t o  response func t ions  

I n  t h i s  case, 

This change i n  t h e  mean burning 
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I n  gene ra l ,  t h e  desc r ib ing  func t ion  i s  complex; t h a t  is ,  

t h e  nonl inear  combustion response in t roduces  a phase s h i f t  as w e l l  as an 

amplitude change. However, f o r  response func t ions  wi th  odd symmetry, t he  

fundamental component of t h e  output  is  i n  phase wi th  t h e  inpu t ,  so  t h a t  

t h e  descr ib ing  func t ion  i s  real. 

D. NOZZLE ADMITTANCE COEFFICIENTS 

In any rocke t  combustion i n s t a b i l i t y  a n a l y s i s ,  i t  i s  d e s i r a b l e  

t o  apply a boundary condi t ion  a t  t h e  nozzle  en t rance  t o  desc r ibe  t h e  e f f e c t  

of t h e  nozzle  upon wave motion i n  t h e  combustion chamber. 

a n a l y s i s ,  t h i s  boundary condi t ion  i s  w r i t t e n  i n  the  form of an  admittance 

r e l a t i o n ;  t h a t  i s ,  a l i n e a r  r e l a t i o n  between t h e  pe r tu rba t ions  of two thermo- 

dynamic p rope r t i e s  and of t h e  v e l o c i t y  components. 

r e l a t i o n  are termed admit tance c o e f f i c i e n t s  and are ca l cu la t ed  by means of 

an ana lys i s  of the  o s c i l l a t o r y  flow i n  t h e  nozzle .  

a n a l y s i s  and numerical i n t e g r a t i o n  which lead  t o  t h e  determinat ion of these  

c o e f f i c i e n t s  are discussed.  

I n  a l i n e a r i z e d  

The c o e f f i c i e n t s  i n  t h i s  

I n  t h i s  s ec t ion ,  the  

The d ivergent  po r t ion  of t h e  s u p e r c r i t i c a l  nozzle  need not  be 

analyzed; a l l  t h a t  i s  p e r t i n e n t  is the  subsonic flow i n  the  convergent po r t ion  

s ince  any d is turbances  t o  t h e  supersonic  flow cannot propagate upstream through 

the  t h r o a t .  Therefore,  d i s turbances  i n  t h e  subsonic po r t ion  of t h e  nozzle  and 

i n  the  chamber are n e i t h e r  a f f e c t e d  nor caused by d is turbances  i n  t h e  super- 

sonic  region.  (The oppos i te ,  however, is not  t r u e . )  

To d a t e ,  two types of nozzles  have been analyzed: axisymmetric 

designs and two-dimensional designs.  

one of t h e  most p r a c t i c a l  s ign i f i cance  and is  the  one t o  be discussed here .  

The two-dimensional case a p p l i e s  t o  t h i n  annular  chambers and t o  c e r t a i n  

experimental  conf igura t ions .  The ana lyses  of t h e  two cases are similar;  

d e t a i l s  of both are given i n  Reference 3 .  

The axisymmetric case  i s  p resen t ly  the  
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The unperturbed, o r  s t eady- s t a t e ,  flow i s  considered t o  be one- 

dimensional i n  o rde r  t o  s impl i fy  t h e  a n a l y s i s .  The per turbed flow, however, 

may be three-dimensional. The combustion process  is  assumed t o  be completed 

be fo re  t h e  flow e n t e r s  t h e  nozzle  so t h a t  t h e r e  are no source terms i n  the  

d i f f e r e n t i a l  equat ions of motion. 

of entropy waves and v o r t i c i t y  waves i n  t h e  nozzle  due t o  t h e  combustion 

chamber a 

The equat ions do a l low f o r  t h e  occurrence 

The three-dimensional coord ina te  system (Figure 5) employs 

t h e  values  of t h e  v e l o c i t y  p o t e n t i a l  9 and t h e  stream func t ion  $ of t h e  

unperturbed flow i n  a d d i t i o n  t o  t h e  azimuthal ang le ,  with 

where s i s  t h e  s t r eaml ine  d i r ec t - an  and n i s  t h e  d i r e c t i o n  norma- t o  t h e  

s t reamline.  Since t h e  va lue  of t h e  stream func t ion  i s  a cons t an t  a t  t he  nozzle  

w a l l s  where t h e  boundary condi t ions are a p p l i e d ,  s e p a r a t i o n  of v a r i a b l e s  is  

allowed. Culick (Ref 4 )  d i d  not  u s e  t h i s  coordinate  t ransformation and w a s  

forced t o  a more cumbersome a n a l y s i s .  

Under t h e  usua l  assumption of small-amplitude o s c i l l a t i o n s ,  l i n e a r  

p a r t i a l  d i f f e r e n t i a l  equat ions are obtained t h a t  govern t h e  pe r tu rba t ions .  

These equat ions are separated under t h e  assumption t h a t  t he  nozzle i s  s u f f i c -  

i e n t l y  long t h a t  t h e  cos ine  of t h e  semi-angle of convergence may be approxi- 

mated by u n i t y .  The t i m e  and azimuthal dependencies are given by s i n u s o i d a l  

func t ions .  The r a d i a l  dependencies are given i n  terms of Bessel func t ions  of 

t h e  f i r s t  kind and t h e i r  d e r i v a t i v e s .  The axial  dependencies are r e l a t e d  t o  
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t h e  s o l u t i o n  t o  a c e r t a i n  sound-order l i n e a r  o rd ina ry  d i f f e r e n t i a l  equat ion 

with complex-variable c o e f f i c i e n t s  which can only be  obtained i n  exac t  form 

by numerical i n t e g r a t i o n .  

This second o r d e r  d i f f e r e n t i a l  equation i s  s ingu la r  a t  t h e  t h r o a t ;  

one of t he  homegeneous s o l u t i o n s  w i l l  be r e g u l a r  t h e r e  and t h e  o t h e r  one w i l l  

be  s ingu la r .  

demonstrated t o  be  equ iva len t  t o  disal lowing p e r t u r b a t i o n s  t o  propagate up- 

stream from t h e  supersonic p o r t i o n  of t h e  nozzle  (Ref 5) .  

The s i n g u l a r  s o l u t i o n  i s  cast away. This procedure has  been 

It has been shown t h a t  t h e  admittance c o e f f i c i e n t s  are func t ions  of 

t h e  s o l u t i o n s  t o  c e r t a i n  f i r s t  o rde r  equat ions t h a t  are obtained by r educ t ion  

of t h e  o r i g i n a l  second o r d e r  equation. So, while  i t  would be necessary t o  

i n t e g r a t e  t h e  second o r d e r  equation i n  o rde r  t o  determine t h e  v a r i a t i o n  of 

t h e  flow p r o p e r t i e s ,  i t  i s  n o t  necessary f o r  t h e  purpose of determining t h e  

admittance c o e f f i c i e n t s .  Since t h e  i n t e r e s t  l i e s  i n  t h e  p r e d i c t i o n  of g loba l  

s t a b i l i t y  c h a r a c t e r i s t i c s  and not  i n  t h e  d e t a i l s  of t h e  f low i t s e l f ,  only t h e  

equations immediately needed t o  determine t h e  admittance c o e f f i c i e n t  w i l l  be 

presented. The d e r i v a t i o n s  and a d d i t i o n a l  analyses  may be found i n  

Reference 3.  

The admittance c o e f f i c i e n t s  f o r  a given geometry are determined 

as func t ions  of t h e  axia-l coordinate  o r ,  equ iva len t ly ,  of t h e  l o c a l  mean- 

flow Mach number. This imp l i e s  t h a t ,  when the  admittance c o e f f i c i e n t  a t  

t he  nozzle entrance is  d e s i r e d ,  t h e  a x i a l  coordinate  a t  t h e  entrance o r  

t he  entrance Mach number must be known befo re  t h e  admittance c o e f f i c i e n t s  

can be determined. 
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The l i n e a r  admittance cond i t ion  i s  given by 

yu+ AP + yB SmV + YCS = 0 
_h 

(34) 

where U, P,  By and S are t h e  a x i a l  dependencies of t h e  nondimensional 

pe r tu rba t ions  of a x i a l  v e l o c i t y ,  p re s su re ,  r a d i a l  v e l o c i t y ,  and entropy, 

r e s p e c t i v e l y .  The admittance c o e f f i c i e n t s  A, By and C are given by 

Y + 1  - -  

i n  which ‘4 and 

a l i z e d  with r e s p e c t  t o  t h e  s t eady- s t a t e  speed of sound a t  the  t h r o a t .  

admittance c o e f f i c i e n t s  are complex because 5 , 5 (1) , 5 (2) , f and i w  a re  

complex. 

d i f f e r e n t i a l  equat ions i n  the  a x i a l  coord ina te  4 :  

are t h e  l o c a l  gas v e l o c i t y  and speed of sound nondimension- 

The 
A h  h 

The a u x i l i a r y  func t ions  T ,  e ( l ) ,  i ( 2 )  are  given by f i r s t  o rde r  
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2 
Y I - 1  + -  

2 - ^2 
2 svll (c)Y-l 

yfl 4 p 
+ - -  

df3  + - 
A 

where t h e  following d e f i n i t i o n s  apply: 

-2 -2 b = q (c - i2) 
-2 -2 Y+l q dq 

c2 d6 
g = T  
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n 

s = Svrl/K 
Vrl  

K -  - 9 = K  

dZth 

where t h e  angular  frequency w i s  nonL,aensionalizeL w t h  r e s p e c t  t o  t h e  

t h r o a t  speed of sound d iv ided  by t h e  t h r o a t  r ad ius ,  s 

f o r  t h e  p a r t i c u l a r  mode of o s c i l l a t i o n ,  and t h e  s u b s c r i p t  t h  denotes  cond i t ions  

a t  t h e  t h r o a t .  

i s  t h e  eigenvalue 
Vrl  

A 

The nonl inear ,  f i r s t  o rde r  equat ion f o r  5 i s  a complex Riccati  

equation and may only be  solved by numerical i n t e g r a t i o n .  Once t h i s  i s  done, 

t h e  l i n e a r ,  f i r s t  o rde r  equat ions f o r  5 (1) and C(2) may be solved ob ta in ing  

t h e  standard i n t e g r a l  forms. However, r a t h e r  than numerically evaluat ing 

t h e  i n t e g r a l  s o l u t i o n s ,  i t  i s  more convenient t o  so lve  a l l  t h r e e  complex 

(o r  s i x  real) equat ions simultaneously by numerical i n t e g r a t i o n .  

A 

The numerical i n t e g r a t i o n  r e q u i r e s  s ta tements  of t h e  i n i t i a l  

condi t ions.  

t h r o a t  (4 = 0) .  Af t e r  assuming a Taylor series expansion about t he  t h r o a t  

and evaluat ing t h e  c o e f f i c i e n t s  i n  t h e  series, we  f i n d  t h e  following 

These are provided by t h e  cond i t ion  of r e g u l a r i t y  a t  t h e  
A 
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I, D,  Nozzle Admittance Coef f i c i en t s  (cont . )  

where 
A 

w2 2 
Y+l - svrl r-1 -2  

w +\2/ 

7 

2 4 -6- 
2 2 y+l a. = 

-2 
Since t h e  Riccati equat ion i s  s ingu la r  a t  t h e  t h r o a t  (c2 - 9 

numerical i n t e g r a t i o n  cannot begin exac t ly  the re .  

above condi t ions , the  f i r s t  d e r i v a t i v e  of 5 a t  t h e  i n i t i a l  p o i n t  must be 

obtained from t h e  r egu la r  expansion and suppl ied  t o  t h e  numerical i n t eg ra -  

t i o n  scheme, This i n i t i a l  condi t ion  is: 

0 3 ,  t h e  

So, i n  add i t ion  t o  the  
A 

where 
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I, D, Nozzle Admittance Coef f i c i en t s  (cont.)  

A % ~2 ( Y + I ) ~  

Bo - (Y+1) w a. b + [ W  + l - Y  j + (Y+1) 2 aO 

% -2 
Note t h a t  b i s  a c o e f f i c i e n t  i n  t h e  power series expansion f o r  q . That 

is, q2 = 1 + ^2 % + b Cp . . . . . . , t h e  va lue  of b being determined by the  

nozzle  geometry i n  t h e  t h r o a t  v i c i n i t y .  

shows t h e  convenience of t h e  t ransformation of t h e  independent v a r i a b l e  

from Cp t o  Cp ; t h e  c o e f f i c i e n t  of t h e  f i rs t  o rde r  term i n  the  power series 

i s  un i ty .  

The above-mentioned power series 

A 

The func t ion  f 3  i s  given by a n  i n t e g r a l  expression involving 

known q u a n t i t i e s .  However, i t  i s  more convenient t o  s o l v e  a f i r s t  

d i f f e r e n t i a l  equat ion f o r  f 3  simultaneously with t h e  equat ions f o r  

and 5 (2) . The proper equat ion is  fol lows:  

Subject t o  t h e  i n i t i a l  cond i t ion  t h a t  f (0) = 0 .  3 

I n  a d d i t i o n  t o  t h e  admittance c o e f f i c i e n t s  A, B, and C,  two 

o t h e r  complex admittance c o e f f i c i e n t s  are u s e f u l  and have been c a l c u l a t e d ,  

They are 
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I, D, Nozzle Coef f i c i en t s  ( con t , )  

2 

where w i s  t h e  frequency 

s t agna t ion  speed of sound 
C 

nondimensionalized by t h e  r a t i o  of t h e  s t eady- s t a t e  

t o  t h e  nozzle  entrance r a d i u s .  

ci i s  t h e  admittance c o e f f i c i e n t  t o  be  used i n  t h e  r e l a t i o n  

U = (a/Y)P a t  t h e  nozzle  entrance i n  the  absence of v o r t i c i t y  and entropy 

pe r tu rba t ions ,  Of course,  when s = 0, a i s  a l s o  t h e  admittance c o e f f i c i e n t  

f o r  i s e n t r o p i c  l o n g i t u d i n a l  o s c i l l a t i o n s .  
Vri 

E i s  a combination of A and B which becomes important i n  t ransverse-  

mode combustion i n s t a b i l i t y  a p p l i c a t i o n s .  It can be shown t h a t  f o r  low Mach 

numbers, d a n d  -E are approximately equal.  This means that  a t  low mean-flow 

Mach numbers E becomes approximately independent of even though A and 

B are dependent upon i t .  

i(') 

A 

The s t eady- s t a t e  v e l o c i t y  p r o f i l e  6 (4) must be determined f o r  t he  

given geometry of the convergent po r t ion  of t h e  nozzle .  This cannot be found 

i n  closed form bu t  must be  determined e i t h e r  approximately o r  i n d i r e c t l y .  It 

is  d i f f i c u l t  t o  f i n d  an approximate form of ;f (4) 
a wide class of nozzle  geometries.  

i n  which t h e  exact form of 4 (4) i s  determined and a t a b l e  cons t ruc t ed ,  This 

method proceeds as fol lows:  The shape of t h e  nozzle  i s  p resc r ibed  as a 
po r t ion  of a cone with c i r c u l a r - a r c  s e c t i o n s  a t  t h e  t h r o a t  and a t  t h e  

t r a n s i t i o n  s e c t i o n  a t  the nozzle  entrance (Figure 6 ) .  

h 

which i s  very a c c u r a t e  over 

Therefore,  a n  i n d i r e c t  approach i s  used, 
A 

With t h e  cone ang le  
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and t h e  r a d i i  given,  t h e  c ros s - sec t iona l  area a t  any ax-a1 s t a t i o n  can  be  

ca l cu la t ed .  A t a b l e  is  constructed t h a t  relates t h e  l o c a l  Mach number t o  t h e  

area, according t o  t h e  equat ion 
Y + 1  

2 (Y-1)  

The Mach number a t  each s t a t i o n  i n  t h e  nozz le  is then obtained by i n t e r p o l a -  

t i o n  i n  t h i s  t a b l e .  The v e l o c i t y  4 i s  r e l a t e d  t o  t h e  Mach number by 

-2 - 4 -  

- Y + l  M2 
2 

1+ -  Y - 1  M2 
2 

F ina l ly ,  t h e  v e l o c i t y  p o t e n t i a l  i s  obtained by i n t e g r a t i o n  along the  nozzle ,  

s t a r t i n g  from t h e  t h r o a t  Z = 0 ,  where 4 is  assigned t h e  va lue  zero: 
A 

0 

To i l l u s t r a t e  t h e  n a t u r e  of t h e  s o l u t i o n  f o r  t he  nozzle  admittance 

c o e f f i c i e n t s ,  c a l c u l a t i o n s  have been performed f o r  a c o n i c a l  nozzle  wi th  no 

t r a n s i t i o n  s e c t i o n  a t  t h e  nozzle  entrance.  

approximation t o  t h e  usua l  smooth t r a n s i t i o n  i s  t h a t  t h e  v a r i a t i o n  of t h e  

admittance c o e f f i c i e n t s  with chamber Mach number can be seen from t h e  r e s u l t s  

of a s i n g l e  i n t e g r a t i o n .  

i n  Figures 7 t o  9.  

The advantage of using such a n  

A 

Resu l t s  f o r  Y = 1.2,  w = 0.5 and S = 1.0 are shown 
V r l  

One of t h e  most i n t e r e s t i n g  r e s u l t s  i s  t h a t  t h e  nozzle  may have a 

d e s t a b i l i z i n g  e f f e c t  upon t h e  t r ansve r se  modes of o s c i l l a t i o n .  This i s  indi-  

ca t ed  by nega t ive  va lues  of t he  real p a r t  of a and p o s i t i v e  va lues  of the real 
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p a r t  of E. 

i n  Section I E.) Negative 01 and p o s i t i v e  E g e n e r a l l y  seem t o  occur i n  t h e  

range of "purely" t r a n s v e r s e  modes where w 

nozzle would have a d e s t a b i l i z i n g  e f f e c t .  

mixed modes where t h e  l o n g i t u d i n a l  dimensions are most s i g n i f i c a n t  i n  d e t e r -  

mining t h e  frequency (w >> S 
C V7-I r 

nozzle  has a damping e f f e c t  upon t h e  o s c i l l a t i o n s .  

(The importance of t h e  s i g n s  of t hese  q u a n t i t i e s  w i l l  be discussed 

r r 
So h e r e  t h e  

V7-I 
For l o n g i t u d i n a l  modes and those 

is  c l o s e  t o  S 
C 

), ar i s  p o s i t i v e  and E i s  nega t ive  so  t h a t  t h e  

Numerical c a l c u l a t i o n s  i n d i c a t e  t h a t  t h e  value of t h e  admittance 

c o e f f i c i e n t  C are g e n e r a l l y  q u i t e  small compared t o  t h e  c o e f f i c i e n t s  A and B. 

This and t h e  f a c t  t h a t  the amplitude of t h e  entropy o s c i l l a t i o n  i s  s m a l l  com- 

pared t o  t h e  amplitude of t h e  p re s su re  and v e l o c i t y  o s c i l l a t i o n s  i n  most s i t u a -  

t i o n s  of p h y s i c a l  i n t e r e s t  mean t h a t  u s u a l l y  ( 3 4 )  may be  s i m p l i f i e d  t o  t h e  

following 

change i n  
h 

5, (2) t o  
v o r t i c i t y  

t h e  speed 

son ic  gas 

Bi (which 

form 

U + A P +  Svli B V =  0 ( 4 4 )  

n 

I n  Figure 7 ,  5 i s  p l o t t e d  v e r s u s  a x i a l  d i s t a n c e  showing a gradual  
A r 
6 
be undulating* r a p i d l y  due t o  t h e  r e l a t i v e l y  small entropy and 

wavelengths, Note, of course,  t h a t  p re s su re  waves propagate wi th  

of sound while  entropy and v o r t i c i t y  waves propagate wi th  t h e  sub- 

v e l o c i t y .  

are t h e  most p e r t i n e n t  from a s t a b i l i t y  p o i n t  of view) p l o t t e d  

due t o  t h e  r e l a t i v e l y  l a r g e  p r e s s u r e  wavelength. Figure 8 shows r 

Figures  9 and 10 show t h e  admittance c o e f f i c i e n t s  Ar and 

ve r sus  a x i a l  d i s t a n c e ,  

waves, t he re  is  a r a p i d  undulat ion due t o  t h e  entropy and v o r t i c i t y  waves. 

Superimposed upon a gradual  change due t o  t h e  p re s su re  

A t  h igher  f r equenc ie s  the  o s c i l l a t i o n s  become more severe s i n c e  

undulat ions i n  t h e  admittance c o e f f i c i e n t s  occur due t o  p re s su re  waves i n  t h a t  

case. 

r ap id .  

*"Undulation" p e r t a i n s  t o  space-wise v a r i a t i o n s  while  " o s c i l l a t i o n "  p e r t a i n s  t o  

The undulat ions due t o  entropy and v o r t i c i t y  waves become s t i l l  more 

t i m e - w i s e  v a r i a t i o n s .  
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A l i m i t e d  number of c a l c u l a t i o n s  have been performed wherein t h e  

t h r o a t  w a l l  cu rva tu re ,  t h e  cone ang le ,  and t h e  r a t i o  of s p e c i f i c  h e a t s  have 

been changed. 

va lue  of Y = 1.2 t o  Y = 1.4 g e n e r a l l y  produced a change i n  the  admittance 

c o e f f i c i e n t s  of only a few percent .  

r e s u l t s  more s i g n i f i c a n t l y .  

It w a s  found t h a t  changing t h e  last  parameter from t h e  s tandard 

The o t h e r  two parameters a f f e c t e d  the  

Ca lcu la t ions  were made with R = 3.0 (versus  R = 2.0 i n  the  standard 

€I1 = 15" (versus  el  = 30" i n  t h e  cases)  and el = 30" and a l s o  with R = 2.0 and 

standard cases). 

most s i g n i f i c a n t l y  i n  t h e  high Mach number range near t h e  t h r o a t .  

upstream i n  t h e  low Mach number range, t h e  d i f f e r e n c e  between the  R = 2.0 and 

R = 3 .0  cases i s  smaller. On the  b a s i s  of t h i s  small amount of evidence, i t  

seems t h a t  far away from t h e  t h r o a t  t h e  r e s u l t s  do no t  depend very s t r o n g l y  on 

t h e  p a r t i c u l a r s  of t h e  nozzle  shape near  t h e  t h r o a t .  

R l e f t  cons t an t ,  t h e  s o l u t i o n  near t he  t h r o a t  d i d  no t  change, of course.  Only 

i n  t h e  c o n i c a l  po r t ion  of t h e  nozzle  w a s  a change produced. 

When R w a s  changed and el l e f t  cons t an t ,  t h e  r e s u l t s  changed 

Further  

When w a s  changed and 

It should b e  noted t h a t  t h e  r e s u l t s  of t h e  c a l c u l a t i o n s  f o r  t he  

standard three-dimensional axisymmetric nozzle  may be sca l ed  f o r  u se  with 

c e r t a i n  annular nozzles .  The major r e s t r i c t i o n  is  t h a t  t h e  inne r  w a l l  of t h e  

annular  nozzle  must have t h e  same shape as a stream tube contour i n  t h e  three-  

dimensional nozzle.  This implies  t h a t  t h e  two nozzle  flows are i d e n t i c a l  i n  

t h e  s t eady- s t a t e  ( t h a t  i s ,  of course,  only i n  the  common region where both 

flows exist). Also, under t h e  long-nozzle, one dimensional s t eady- s t a t e  flow 

assumption t h i s  means t h a t  t h e  r a t i o  of t h e  o u t e r  w a l l  r a d i u s  t o  the  inne r  

w a l l  r a d i u s  i s  constant  a long t h e  convergent s e c t i o n  of t h e  nozzle .  

The equat ions f o r  t h e  annular  nozzle  may be  separated i n  the  same 

manner and t h e  same d i f f e r e n t i a l  equat ions remain t o  be i n t e g r a t e d  as i n  the 
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t h ree  dimensional case. However, now S 
Vrl  

j: (x) = 0 bu t  r a t h e r  i t  is  t h e  hth r o o t  of J: (x) Y: ( x)  - J: (Bx) Y: (x) = 0. 

Here J and Y are Bessel func t ions  of t h e  f i r s t  and second kind, r e spec t ive ly ,  

and B is  the  r a t i o  of t h e  inne r  t o  ou te r  w a l l  d iameter .  

here . )  So us ing  t h e  proper va lue  of S 

s iona l  nozz le  c a l c u l a t i o n s  f o r  both admittances and flow p rope r t i e s  may be 

used f o r  t h e  annular  nozzle .  The va lues  of S f o r  va r ious  annu l i  may be found 

i n  Reference 29. 

i s  no longer  the  hth r o o t  of 

V V 
(v i s  an i n t e g e r ,  

t h e  r e s u l t s  of t h e  th ree  dimen- 
vrl 

V r l  

The admittance c o e f f i c i e n t s  f o r  a whole family of nozzles  may be 

obtained by sca l ing  t h e  r e s u l t s  ca l cu la t ed  f o r  a p a r t i c u l a r  r e fe rence  nozzle .  

I f  k i s  t h e  scale f a c t o r  and i f  a nozzle  has  a v e l o c i t y  d i s t r i b u t i o n  

then the  admittance c o e f f i c i e n t s  f o r  

formulas 

t h i s  nozzle  are given by the  following 
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A scale t ransformation of t h i s  type i s  merely a l i n e a r  deformation of the  

nozzle  walls i n  t h e  a x i a l  d i r e c t i o n .  

t r iv ia l  s ince  a l l  l eng ths  have been nondimensionalized wi th  r e spec t  t o  the  

t h r o a t  r ad ius .  

Scal ing i n  the  r a d i a l  d i r e c t i o n  i s  

The extension of t h e  theory t o  t h e  nonl inear  case i s  discussed 

i n  References 3 and 6. 
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E. CHARACTERISTIC EQUATION 

1. Formulation of the Stability Problem 

Solution of the perturbation equations gives the pressure 
perturbation in the form of a Bessel-Fourier series: 

P 1 

In this expression the indicates v and n refer to the fundamental term, that 
is, to the oscillatory mode under consideration. The other terms in the series 
account for the distortion introduced by flow, injection distribution, velocity 
effects, and nonlinear combustion response. For values of the indices p, q 
different from v, n ,  each term in the series includes an integration constant. 
However, the integration constant for the fundamental term can be shown to be 
of order M3, and so can be neglected in the present analysis. The constant 

represents the perturbation amplitude level; in this linearized analysis, poo 
the amplitude has no effect on the stability solution. 

Since the perturbation solution is obtained in the form of a 
series, the nozzle admittance boundary condition must be applied term by term. 

For each p, q # v ,  ~ 1 ,  the nozzle boundary condition can be used to determine 
the integration constant. Application of the remaining condition, 

results in an eigenvalue problem. That is, this equation is the character- 
istic equation for the eigenvalues 0 = X + iw. For a given combustor geometry 
and for a given value of the combustion parameters, n, T ,  Rr9 and R e ,  the 
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characteristic equation can, in principle, be used to determine the frequency 
of oscillation w and the growth rate X of the perturbation amplitude. 

However, since the coefficients of the characteristic equation 
are functions of the variable u ,  it is more convenient to regard u as one of 
the independent variables. Considerable simplification results if X = 0, that 
is, o = iw, which is interpreted physically as an oscillation, the amplitude 
of which neither grows nor decays with time. 
the boundary between stable and unstable operation, and is sometimes referred 
to as the stability limit. 

The neutral condition is clearly 

For neutral oscillations, regarding the frequency as an 
independent variable, the characteristic equation becomes a relation between 
the combustion parameters. Since the equation is complex, two of the combus- 
tion parameters can be determined in terms of the other two. It is natural 
to select the sensitive time lag T and the pressure interaction index n as 
the dependent variables, because these parameters are significant to all modes 
of oscillation. Following this procedure, the characteristic equation can be 
written in the form: 

h (w) = hr + i Gi -iw.r) - c n ( 1 - e  
A + B 'r + C 

( 4 7 )  

The solution is 
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ZIT where T is  determined t o  w i t h i n  an a d d i t i v e  constant  -. 
w 

A t y p i c a l  s o l u t i o n  f o r  n (w) and T (w) f o r  assumed va lues  of 

t h e  v e l o c i t y  indixes  is  shown i n  Figure 11. This s o l u t i o n  a p p l i e s  a t  t h e  

s t a b i l i t y  l i m i t s ,  where h = 0. 
one value of n is  c o n s i s t e n t  with n e u t r a l  o s c i l l a t i o n s .  For t h e  same T, a 

l a r g e r  n corresponds t o  i n s t a b i l i t y  (A > 0) and a smaller n t o  s t a b i l i t y  

( A  < 0). I n  the  case of transverse modes, f o r  va lues  of n i n  t h e  range of 

i n t e r e s t  (2 21, t he  frequency varies over  a very narrow range, and i s  very 

nea r ly  equal t o  t h e  corresponding a c o u s t i c  frequency. For l o n g i t u d i n a l  modes, 

both t h e  frequency range and t h e  depa r tu re  from t h e  acoustic-mode frequency 

are somewhat l a r g e r .  The narrow frequency range r e s u l t  i s  r e l a t e d  d i r e c t l y  

t o  t h e  f a c t  t h a t  high frequency i n s t a b i l i t y  involves  t h e  i n t e r a c t i o n  of t h e  

combustion chamber. 

presence of t h e  exhaust nozzle  and t h e  mean gas flow, b u t  a good approximation 

of the resonant f requencies  can be  made without  r e fe rence  t o  t h e  combustion 

e f f e c t s .  

It can b e  seen t h a t  f o r  any va lue  of T only 

The chamber a c o u s t i c s  are somewhat modified by t h e  

2. Graphical Representation: The n ,  .c-Plane 

I n  view of t h e  narrow frequency range, a more convenient 

g raph ica l  r e p r e s e n t a t i o n  is abtained by p l o t t i n g  t h e  s t a b i l i t y  l i m i t  curves 

on the  plane defined by t h e  i n t e r a c t i o n  index n as o r d i n a t e  and t h e  s e n s i t i v e  

t i m e  l a g  T as abscissa .  This p l o t  w i l l  be r e f e r r e d  t o  as t h e  n,  T-plane. 

A t y p i c a l  example is shown i n  Figure 12, i n  which t h e  s t a b i l i t y  l i m i t  curves 

f o r  a s i n g l e  mode are seen t o  d i v i d e  t h e  n ,  ‘I- p lane  i n t o  s t a b l e  and uns t ab le  

regions.  
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I, E ,  C h a r a c t e r i s t i c  Equation (cont.)  

According t o  t h e  s e n s i t i v e  t i m e  l a g  model, t h e  dynamic 

behavior of t h e  combustion process can b e  descr ibed by t h e  parameters n and 

T $  which are empir ical  c o e f f i c i e n t s  measuring t h e  p re s su re  s e n s i t i v i t y  and 

c h a r a c t e r i s t i c  t i m e ,  r e s p e c t i v e l y ,  of t h e  combustion process .  It is  clear 

t h a t ,  i n  gene ra l ,  t hese  parameters are func t ions  of t h e  p rope l l an t  combina- 

t i o n ,  t he  i n j e c t o r  p a t t e r n ,  and t h e  ope ra t ing  condi t ions.  A given combination 

of t hese  f a c t o r s ,  t h a t  i s ,  a given combustion process ,  is  represented on t h e  

n, T-plane as a po in t .  For a given engine conf igu ra t ion ,  s t a b i l i t y  l i m i t s  

can be determined f o r  each o s c i l l a t o r y  mode of i n t e r e s t ,  and t h e  n ,  -c-plane 

divided i n t o  s t a b l e  and uns t ab le  regions.  The s t a b i l i t y  of t h e  given engine 

is determined by the  r e l a t i o n  between t h e  p o i n t  r ep resen t ing  t h e  combustion 

and the  regions def ined by t h e  s t a b i l i t y  l i m i t s .  I f  t h e  combustion p o i n t  l i e s  

wi th in  the  s t a b l e  region (e .g . ,  p o i n t  A i n  Figure 1 3 ) ,  s t a b l e  combustion is  

expected. On t h e  o the r  hand, i f  t h e  combustion p o i n t  l ies  wi th in  an uns t ab le  

region, o s c i l l a t i o n s  would be  expected, w i t h  t h e  mode of o s c i l l a t i o n  cor- 

responding t o  t h a t  of t h e  uns t ab le  region.  For example, i n  Figure 13, p o i n t  B 

would be uns t ab le  i n  t h e  f i r s t  t a n g e n t i a l  mode, whereas po in t  C would o s c i l -  

l a t e  i n  the  t h i r d  t a n g e n t i a l  mode. 

The b a s i c  theory considers  only very small pe r tu rba t ions  and 

p res su re - sens i t i ve  combustion. Therefore,  t h e  s t a b i l i t y  p r e d i c t i o n s  are  

app l i cab le  only t o  i n j e c t o r  p a t t e r n s  o r  modes which e x h i b i t  no v e l o c i t y  

e f f e c t s  and t o  combustion chamber o s c i l l a t i o n s  t h a t  grow from t h e  normal, 

low-level combustion noise .  A s  discussed above, v e l o c i t y  and nonl inear  

e f f e c t s  can be  t r e a t e d  w i t h i n  t h e  framework of t h e  theory,  and appear i n  t h e  

c h a r a c t e r i s t i c  equation i n  t h e  c o e f f i c i e n t s  A ,  B y  and C y  and t h e  i n d i c e s  

- and -. The e f f e c t  of introducing t h e s e  e f f e c t s  i s  t o  s h i f t  t h e  s t a b i l i t y  n n 
l i m i t  curves,  thereby moving t h e  zones of uns t ab le  operat ion.  

'r % 
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I? E,  C h a r a c t e r i s t i c  

To 

Equation (cont e )  

l l u s t r a t e ,  consider  t h e  s t a b i l i t y  of a s i n g l e  mode, say,  

t he  f i r s t  t a n g e n t i a l .  Assuming t h a t  t h e  p re s su re  s e n s i t i v i t y  i s  n o t  coupled 

t o  t h e  v e l o c i t y  s e n s i t i v i t y ,  t h e  combustion p o i n t  on t h e  n ,  .r-plane remains 

f ixed.  Several  poss ib l e  cases can be examined: 

a. The i n j e c t o r  is  i n s e n s i t i v e  t o  v e l o c i t y  e f f e c t s  

(Rr = R8 = 0) o r  a s tanding mode i s  considered (A = C = 0) .  
s t a b i l i t y  l i m i t  is  shown i n  Figure 1 4  as curve 1. 

lies below t h e  l i m i t  curve, i t  is i n  a s t a b l e  region,  and t h e  combustion n o i s e  

w i l l  not grow i n t o  f i r s t  t a n g e n t i a l  i n s t a b i l i t y .  

The r e s u l t i n g  

Since t h e  combustion p o i n t  

b .  

only,  with a certain va lue  of 

i s  s h i f t e d  downward, f o r  a spinning mode, t o  curve 2.  F i r s t  t a n g e n t i a l  mode 

o s c i l l a t i o n s  growing spontaneously out  of t h e  combustion n o i s e  are expected. 

The i n j e c t o r  is  sensitive t o  t a n g e n t i a l  v e l o c i t y  effects 
R 
n I n  t h i s  case, t h e  s t a b i l i t y  l i m i t  curve 

c. The i n j e c t o r  i s  sensit ive t o  r a d i a l  v e l o c i t y  e f f e c t s  

only, with t h e  same va lue  of t h e  v e l o c i t y  index as i n  case b .  The s t a b i l i t y  

l i m i t  curve i s  curve 3 ,  and s t a b l e  ope ra t ion  i s  expected. 

d. Nonlinear t a n g e n t i a l  v e l o c i t y  e f f e c t s  are p r e s e n t ,  with 

a deadband type o r  n o n l i n e a r i t y ,  

following r e s u l t s  are obtained: 

Using t h e  desc r ib ing  func t ion  method, t h e  

(1) For p re s su re  amplitudes less than 10% of mean 

chamber p re s su re ,  t he  s t a b i l i t y  l i m i t  curve is curve 1. 

(2) For an amplitude of 20% t h e  l i m i t  curve i s  curve 4 ,  

(3)  For an amplitude of 40%, t h e  l i m i t  curve i s  curve 2.  

Page 47 



Report 20672-PIF9 Appendix B 

I, E, Characteristic Equation (cont.) 

For this situation, it would be predicted that a bomb or 
pulse producing an amplitude of greater than 20% of mean chamber pressure 
would be required to initiate oscillatory combustion. 

3 .  Interpretation of Terms in the Characteristic Equation 

In order to interpret the terms in the characteristic equa- 
tion, it is convenient to rederive that equation in a different manner which 
shows the origins of each term. The same assumptions as before apply. In 
nondimensional form the equations of motion are written as follows: 

Continuity: 

w + V . p q = Q  
-+ a T  

Momentum : 

Energy : 

where : 

The right-hand sides of (50), (51), and (52) are in the order of the mean 
flow Mach number. 
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I, E, Characteristic Equation (cont.) 

If the dot product of q and (51) is subtracted from ( 5 2 ) ,  
+- one obtains 

The right-hand side of (53) may be shown to be p Ds/Dt. Consider (53) as a 
replacement for (52). 

Now, the time derivative of (53) and the divergence of (51) 
are subtracted, the time derivative of (50) is employed to eliminate the 
derivatives of p ,  and other minor rearrangements are made to obtain the 
following: 

a2 2 l a p - -  v p = a 2 % - a 2 v .  ( F + Q ~ )  - ( v .  p qq) 
Y at2 Y -+ -+ * at 

a a 
at + (Y-1) - (G - q F) - ~ ( p  q . V S) 

2 
+?e- aa 

at at (54) 

Equation (54) is the wave equation governing the pressure oscillations in the 
chamber. 
perturbations (denoted by primes) becomes 

It may be perturbed and the equation which governs the first order 

2 l a p '  1 2  
Y at2 Y at 
- - - V P ' = ~ - V .  (F+Qq)-(V , p q q )  

+- +- -tf 
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T, E, Characteristic Equation (cont.) 

Again, the mean flow has been considered one-dimensional. Neglecting terms 

of order Mach number squared, we obtain 

(F+Qq)' t: - k p R  q' 
3 3 3 

(56) 

(57) 

where e is a unit vector in the axial direction. Note that the last term 
on the right-hand-side of (55) is not considered of higher order in Mach 
number since entropy gradients may be large due to entropy waves. 

Z 

Note that 

e q = ueZ + ve + we r 

The perturbations can be written as the product of a space 
dependent function and a time dependent function. That is 

- ot p' = pe 

- ot q' = qe 
3 -f 

(59) 
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I, E, Characteristic Equation (cont.) 

at Q' = Qe 

Substituting ( 5 6 )  through (59) into (55) yields 

Here the right-hand-side is of order Mach number so that neglecting it the 
result to lowest order 

2 %  2 %  v p = o  p 

To this same order the perturbation of (51) yields 

so that together with (61) we find to lowest order 
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I, E, Characteristic Equation (cont.) 

This may be substituted in I in (60). 
order of Mach number squared we may write 

The result is that with error of the 

- as - -  y-l (50; - oq 
Y 

Now the space variables will be separated by means of an eigenfunction expan- 
sion. Actually, this expansion is doubly infinite, but only the primary 
component (assuming there is only one which predominates) will be considered. 
Letting v and h indicate the primary component, 

... iv e u = Uvh (Z) Jv (svh r) e + - - 

dJV v = vVh (z) dr (svh r) eiGe + - - 

-., 
s = SVh (2) J~ (svh r) eive + - - 

Q Q,, (z) J~ (svh r) eive + - - 

i = (z) J\, (svh r) eive + - - 

I 
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I, E, Characteristic Equation (cont,) 

(65) and (64) yield 

y-1 - dSvh - dSvh 
c- aQPv,la - Oq 7 Y 

and (60) and (66) yield 

2 2 2 (a + s 
- 1 - 'vh -[ 

dZ2 
vh )]Pvh = -Ivh 

s is the eigenvalue of the solution vh 

Jvv (svh> = 0 (68) 

It is convenient to write the variables as the sum of two 

terms: 
the Mach number (one superscript) Omitting the vh subscript, 

one of order unity (zero superscript) and the other of the order of 

- p(0)  + p(l) 
'vh - 
Uvh = do) + u (1) 

(1) 

(1) 

Q,h = Q 

Svh = s 

O = do) + a (1) 
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I, E, C h a r a c t e r i s t i c  Equation (cont.)  

Now (66),  (67) ,  (69),  and (70) y i e l d  a f t e r  s e p a r a t i o n  according t o  o rde r  i n  

Mach number 

One can show from (51) t h a t  i f  t h e  a x i a l  v e l o c i t y  disappears  a t  t h e  i n j e c t o r  

f a c e  t h e  boundary condi t ions g ive  

O a t Z = O  dP ( O )  
dZ 

-=  

and 

O a t Z = O  dP -=  
dZ 

(73) 

(74) 
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I, E, Characteristic Equation (cont.) 

Similarly, assuming the nozzle admittance coefficients to be of the order of 
the Mach number, at the nozzle entrance 2 corresponding relations are 

e' 

'e = O a t Z =  dP ( O )  
dZ 

and 

The Eiolution of (71) subject to (73) and (75) i s  

In (27) and (28),  OI(~) is given by 

, rn = 0' 1, 2, - - - 
L, e 

(75) 

Now with (77) and (78) substituted into the right-hand side of (72), that 
equation may be solved subject to (74) and (76). The solution is straight- 
forward but generally cumbersome except in the "pure" transverse case where 

Then (72) simplifies since U ( O )  = 0 and P(O) = 1 and uh' = s  (0) w 
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X ,  E, C h a r a c t e r i s t i c  Equation (cont.)  

(1) 'vh & - dS + (Y-1) - 2i "vh & 
Y dZ y dZ 'vh dZ + 

I n t e g r a t i o n  of (72a) s u b j e c t  t o  (74) and (76) y i e l d s  

(1) - -E + - 20 Ze + -IZe Q(O) dZ + re  F a  dZ 
Y Y 0 Y O  

S(l).& dZ = 0 
(Ze) -1 dZ 

2qe qe + - + (Y-1) - + qe 
0 Y Y 

(79) 

Since S ( l )  and 

of t he  Mach number squared and may be  neglected.  

are of o rde r  Mach number, t h e  l a s t  two terms are of t h e  o rde r  

Noting t h a t  u ( l )  = A(1) + iu"), Equation (79) can be  

separated i n t o  i ts  real and imaginary p a r t s  t o  o b t a i n  

2u") Z e = Ei +Ize Qi 'O) dZ 
0 

a 
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I, E, Characteristic Equation (cont,) 

According to the sensitive time lag theory, we have 

P 

so that (80) and (81) become 

--I -k - 
qe O 

- 
dZ - 2 + (Y-1) 

2 P  z Ei e = - +n sin 

Since A(’) is the real part of the coefficient of time in the 
exponential, positive A in (80) implies linear instability while negative 
A(’) implies linear stability. , of course, indicates neutral sta- 
bility. Any term on the right-hand side of (80) which is positive must be 
considered as destabilizing while any term which is negative is stabilizing. 

(1) Zero X 

The first term on the right-hand side of (80) contains the 
real part of the nozzle admittance coefficient. 
positive for first tangential mode oscillations, indicating that the nozzle 
has a destabilizing effect for that mode. Calculations indicate that Er/ie 

Often, it surprisingly is 
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I, -E, C h a r a c t e r i s t i c  Equation (cont . )  

can be of order  un i ty  i n  c e r t a i n  cases. I n  those cases, t h e  e f f e c t  of t h e  

nozzle i s  important compared t o  o the r  e f f e c t s  t o  be discussed.  I n  o t h e r  cases, 

c a l c u l a t i o n s  show t h a t  t h i s  term is n e g l i g i b l e  compared t o  u n i t y  and has ,  

t he re fo re ,  n e g l i g i b l e  e f f e c t  upon t h e  i n s t a b i l i t y  (except perhaps i n  marginal 

ca ses ) .  

terist ics of an engine which can be  achieved through modif icat ions of t h e  

nozzle design. 

One cannot neg lec t  t h e  s i g n i f i c a n t  changes i n  t h e  s t a b i l i t y  charac- 

The second term r e p r e s e n t s  t h e  d r i v i n g  mechanism provided by 

t h e  combustion process (according t o  t h e  s e n s i t i v e  t i m e  l a g  theory i n  (80) o r  

more gene ra l ly  i n  (80)) and is ,  of course,  d e s t a b i l i z i n g .  This term has been 

thoroughly discussed i n  Sect ion I , C  and r e q u i r e s  no f u r t h e r  d i scuss ion  here .  

The t h i r d  term desc r ibes  t h e  damping e f f e c t  due t o  d r o p l e t  

drag. 

pos i t i on .  P resen t ly ,  t h e r e  is no a c c u r a t e  way of determining k, bu t  i n t u i t i v e l y  

k / i e  is expected t o  be of o rde r  u n i t y .  

due t o  d rop le t  drag could be of order  u n i t y  and t h e r e f o r e  s i g n i f i c a n t  i f  a sub- 

s t a n t i a l  amount of l i q u i d  mass e x i s t s  i n  t h e  chamber, i . e . ,  

Here k is  considered a constant  although i t  a c t u a l l y  may vary with a x i a l  

This means t h a t  t h e  s t a b i l i z i n g  term 

re P a  dZ is  o rde r  of un i ty .  
0 

The f i n a l  term i n  (80) equals  (Y+1) b u t  has been w r i t t e n  as 

t h e  sum of "two" and (Y-1) .  

V*(V*pq 4 ) '  i n  Equation (55). That term i s  t h e  divergence of t h e  p e r t u r b a t i o n  

of t h e  momentum f l u x  and is  nonzero only i n  t h e  d i s t r i b u t e d  combustion case. 

It is a most important s t a b i l i z i n g  f a c t o r ;  only t h e  l i n e r  can sometimes provide 

a l a r g e r  s t a b i l i z i n g  e f f e c t .  The q u a n t i t y  (Y-1) i s  considerably smaller and is  

t raced back t o  t h e  term (Y-1)  at (G-q*F)' i n  (55). 

Equation (53), t h i s  can be shown t o  be r e l a t e d  t o  t h e  change of entropy of t h e  

gas.  

The q u a n t i t y  "two" is  t r aced  back t o  t h e  term 

a A s  mentioned a f t e r  
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I, E ,  C h a r a c t e r i s t i c  Equation (cont.)  

Equation (81) g ives  t h e  frequency c o r r e c t i o n  due t o  t h e  nozzle 

and combustion process.  This equation i s  weakly coupled t o  (80) s i n c e  frequency 

appears i m p l i c i t l y  i n  t h e  arguments of t h e  nozzle  admittance c o e f f i c i e n t  and 

e x p l i c i t l y  i n  the combustion response term. 

The quest ion arises as t o  whether (80) and (81) apply i n  t h e  

l i m i t i n g  case of concentrated combustion. Zinn (Ref 6)  considered t r a n s v e r s e  

o s c i l l a t i o n s  with combustion concentrated a t  t h e  i n j e c t o r  and obtained a d i f -  

f e r e n t  r e s u l t .  One must look c a r e f u l l y ,  however, a t  what w a s  done t h e r e .  When 

the  combustion is no t  d i s t r i b u t e d  dq/dZ 

neglect ing terms of t h e  o r d e r  of Mach number squared, V * ( V * p  q 9)' becomes zero 

f o r  t he  transverse modes. 

zero. 

(74). 
s t a b i l i t y  r e l a t i o n :  

(80) and t h e  o the r ,  o r i g i n a t i n g  through t h e  d e n s i t y  v a r i a t i o n  a t  t h e  i n j e c t o r ,  

appears as a "unity" i n  t h e  equation equ iva len t  t o  (80). 
i n s t ead  of a "two" so that according t o  Zinn t h e  concentrated combustion case 

is considerably more uns t ab le  than t h e  d i s t r i b u t e d  case. 

i s e n t r o p i c  o s c i l l a t i o n s  so t h a t  t h e  (Y-1) term d i d  n o t  appear bu t  t h a t  is  bes ide  

the  po in t  t o  be  made here .  

0 and from (58) one can show t h a t ,  

This implies  t h a t  t h e  "two" i n  (80) i s  replaced by 

However, t h e  boundary cond i t ion  a t  t h e  i n j e c t o r  is  no longer given by 

Through t h e  proper boundary cond i t ion ,  two terms are introduced t o  t h e  

one is a combustion response term equivalent  t o  t h e  one i n  

There i s  now a "unity" 

Zinn a l s o  assumed 

The discrepancy l i e s  i n  t h e  f a c t  t h a t  Zinn d i d  n o t  account f o r  

t h e  change i n  v e l o c i t y  which a p a r t i c l e  undergoes as i t  changes pu l se .  

change of v e l o c i t y  provides an important damping e f f e c t .  

d i s t r i b u t e d  case q = q so t h a t  F = 0. Then (56) i s  replaced by 

This  

Suppose i n  t h e  

R 
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I, E, Characteristic Equation (cont.) 

The 6 q'  = 2 q' now appears where it did not before. This leads to a "minus 

unity" appearing in the stability relation so that when combined with the "two" 
from the momentum flux term the result is "unity" as obtained by Zinn. 

+ 

Therefore, the implication is that (80) and (81) should be 
used even in the concentrated case and those relations were not obtained by 
Zinn only because he neglected certain physical effects. 

Similar interpretations could be given to the terms appearing 
in the stability relations for longitudinal and mixed mode oscillations which 
would result from the integration of (72). 
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I, Theory (cont.) 

F, DISCUSSION OF RESTRICTIONS 

This section will be concerned with the restrictions imposed by the 
chamber Mach number, chamber length-to-diameter ratio, and frequency of 
oscillation. These restrictions have been selected because they effect the 
region over which the analysis is applicable. 

In order to obtain a solution to equations (lla) through (lli), it 
was necessary to express the pressure perturbation, p , in the form of a 
series as shown by equation (12). The restriction considered herein occurs 
at the outset of the analysis; therefore, it is instructive to interpret 
each term in the p series. 

If the series is expressed in terms of the acoustic solution, i.e., 

P' = Po 

then the following restrictions are imposed: (1) the exhaust nozzle is 

replaced by a flat plate at the chamber exit, (2) there is no flow - no 
combustion - within the chamber, and (3) the injector is replaced by a flat 
plate. 
acoustic solution for a cylinder closed at: both ends. 

The solution of this problem results in the three-dimensional 

When the next term in the pressure perturbation series is included, 
i.e. 

P' = PO + PI 

the result is that p1 modified the acoustic solution by incorporating the 
primary effects of the injector, combustion process, and the exhaust nozzle. 

However, the contribution of the gas flow between the axial position where 
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I, F,  Discussion of Restrictions (cont.) 

combustion is completed, Zc, and the exhaust nozzle inlet, Ze, is not con- 
sidered. 
of the exhaust nozzle) exist only in the interval, O<Z<Zc, - and only the 
acoustic solution exists in the interval, 2 <Z<Ze. 

Equation (13b) shows that all the p1 - effects (with the exception 

c- - 

The work by Scala and Reardon (Refs. 7 and 2) was restricted 
to small combustion chamber Mach numbers. This restriction simplified the 
mathematics of the analysis and confined their analysis to the partial sum 
of the perturbation series 

P’ = Po + Pl 

The acoustic solution is assumed to be of the form 

where the variables on the right side of the equation were given by 

cos ve , standing mode 
Hv (0) = 

-ve e , spinnning mode 
where 

2 2  - w  
2 n = s  

Vrl 
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I, F, Discussion of Restrictions (cont.) 

The subject restriction is concerned with the treatmen 
in the discussion hereafter, Y 

of Po (2); consequen 
(r) and Hv ( 0 )  will not be mentioned. vn 

The restriction is made in the analysis that 

- =  52 sinh 522 5 0 (Ge) - apO 
az 

from observations based on the nozzle admittance relationship (see 
Reference 2 ) .  Note that this restriction imposes the Mach number on an 
expression that involves only the nondimensional frequency, w , the 
acoustic mode number, s and the chamber length, Z, even though the 
acoustic solution for P (2) and 8Po/aZ are explicitly independent of 
the chamber Mach number. 

V11 ' 
0 

Rocket engine designers generally relate the size of an engine by 
the ratio of the chamber length to chamber diameter (L/D). 
length 2,  is related to L/D as follows 

The nondimensional 

Lc* L 
D ' k a 2 -  

z = : - - = 2 -  LC* 
D 

C 
r *  
C 

In practice, the frequency range of interest has been taken in the range 
of - + 10.0% of the acoustic mode number, i.e., 

fb 
where 0.90 - -  < Q< 1.10. 
than the acoustic resonant frequency is twofold. First, the acoustic 

resonant frequency exists only for a closed-closed cylinder and the presence 

The reason for using a range of frequencies rather 
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I, F, Discussion of R e s t r i c t i o n s  (cant.) 

of flow, combustion, and exhaust nozzle  ( i .e . ,  system l o s s e s )  s h i f t  t h e  

a c t u a l  resonant frequency away from t h e  a c o u s t i c  resonant  frequency. Second, 

t h e  c o r r e l a t i o n  of empir ical  i n s t a b i l i t y  d a t a  r e q u i r e s  knowledge of t h e  

i n t e r s e c t i o n  p o i n t s  of ad jacen t  modes on t h e  i n s t a b i l i t y  plane.  

The e f f e c t  of t h i s  r e s t r i c t i o n  i s  shown i n  Figure 15 which i n d i c a t e s  

t h e  app l i cab le  frequency ranges f o r  t h e  f i r s t  and second t a n g e n t i a l  as a 
funct ion of L/D. 

app l i cab le  e x i s t s  between s i m i l a r i l y  coded l ines .  
region of a p p l i c a b i l i t y  decreases  s i g n i f i c a n t l y  as t h e  L/D r a t i o  inc reases .  

The frequency range f o r  which t h e  cu r ren t  a n a l y s i s  i s  
It can be  seen t h a t  t h e  

Furthermore, t h e  region of a p p l i c a b i l i t y  decreases  - f o r  a given L/D - as 

the  mode of i n s t a b i l i t y  is  increased.  

11. PROGRAM LISTING 

The following pages g ive  a l i s t i n g  of t h e  computer program. The inpu t  

requirements as w e l l  as t h e  l o g i c  flow c h a r t s  f o r  t h i s  program can b e  found 

i n  Section V , B ,  Case 11, Applicat ion of Resu l t s .  
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SCXCCUTE I BJOB 

SIBCTC BLOK LISTtM94 
OLOCK DATA 

C 
ComOn l P l M I O 0 l  L O G I K O O l o  S L l e  SL2e C Q J  
L O G I C A L  L O O I K i  SLl r  SLZi CORJ 

DATA SL l r  SL2 I .CALSI.r OFALOI. I 
END 

C 

8LOI 

OLOI 10 

OLOK 20 
OLOI 30 
BLOK 40 
BLOI 10 
@ L a  LO 
BLOI TO 
BLOI I 0  
BLOZ 90 

e... 0 .*.. 10 
...e 20 .... so 

SIDMAC 411111 

+ K I l * C T  
4 

4 

EMTRY 
C1TRV 
C W R V  
C 1 T m  
ENTRV 
ENTRY 
CNTRV 
CNTRV 
CNTRV 
CNTRV 
LMTW 

KSTCHA COV 
K P R I W T  CW 

SVSOAT CW 
K O C I I I ,  TRA 
K C I N K  TSX 

TTR 
KOVfLD TTR 
KUNCLO TTR 
KINOX1 PZC 
K I N D X 2  PZE 
K I N D X 4  CZE 
KOATCA D C I  
K I S O R G  PZC 
KERROR TSX 
K f I N l S  CALL 

KPUMOI ew 15 
&5 
1 ** 
K C I N I S . 4  
KL- 
KCRROR 
KCRROR 

Zt. 
140be ~ 1 4 0 1  
KF IN IS a 4  
E X I T  

40 
90 
b0 
TO 
I O  
90 

100 
110 
120 
1 so 

10 
20 
¶O 
40 
so 
be 

I N  
11 10 
!I 20 
I N  so 
IN 40 
IN so 
I1 be 

10 
20 
BO 
40 
so 
b0 
TO 

W 
00 
110 
1 0  
so ,m 
so 
40 
10 

m 
110 
'2 0 
190 
140 

YO 
'10 
roo 
190 

mo 

om 
fa 

ism 
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SIBMAP *AAS58 * AS58KP * 

ENTRY 
ENTRY 

KtSORG EW 

CAL 
ALS 
O R A  
SLU 
CAL 
LXA 
TXH 
STA 
TSX 

EOGUS CW 
PZE 
1111 
TTR 
PXA 
A00 

GETOUT ST0 
RCTURN 

BAOGUY EW 
SXA 
TTR 

AS118 SAVE 

Eofms ncr 
AS50 E L I  

SXA 
SXA 
SXD 

AS58X4 LXD 
CAL 
STA 
STT 
ARS 
STA 
STT 
CXA 
S M  
I T A  
I T A  
CXA 

STA 
I T A  
STO 
sw 
STA 
LXA 
SXA 
AXT 
SXA 
STZ 
LXA 

L U  
TXM 
CALL 
TRA 

5 8 M D  8 C I  
8CI  

TSX 
TRA 
TTR 

AS588 CZC 
CLA 

AS58A TSX 
TRA 
TTR 

A S 5 8 K  CZE 
58tR4 TXL 
5DERR CLS 

ST0 
CAL. 
LRS 
SUI) 
TNZ 
CLA 
LLS 

LXO 
LOO 
CAL 

581RZ AXT 
AXT 
SXA 

581111 AXT 
TOC 
TZL 
LXO 
TRA 

58EOC LXO 
SXA 
1x1  
TNX 

AS58C1 L W  
1x1  

AS58P CALL 
CALL 

AS580 AX1 
CLA 
ALS 
TXM 
ORA 
ST0 
ORs 
TXL 

AS58C¶ TXL 
L xo 

sen 

ixn 

ASWZ txn 

AS58C S L W  

A S 5 E J  

AS58 
AS138 
148b 

4 s 4  

3 r 4  
EOGUS 
5 ** 
IETWT-P 9 4  

6ETWT 
AS5894 * 
O...W 
BtTouT-a 
OCTOUT-2 
e.10 
¶OWE 

AS138 

in 

I I ) W r 4 r O  

eo 

1 r4 
501111.1 
58IR2.2 

581R494 
1 s4 
**5 
.*4 
18 
*+b 
H 5  
.e**. 
k l  
ASSO@ 
AS58X 
H ... 
.-I 
AS5082 
AS580 
AS58CZ-3 
AS58C+1 
AS5OCl 

KOVCLO#¶ 
AS58C*5*2 

50 1 R4 14 

0 TO U I N h  
COT cmcx 
RCAlIN6 CAST L U  

m L  RETWN 

ERROR RIC 
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SV* 
AS58C2 AXT 

AXT 
STP 
SlZ 
T X I  
LXA 
TXL 
T X I  

15588 STD 
SXA 
SXA 
PXO 
TXL 
SI* 
ST0 
LXO 

1x0  
~ ~ 5 8 0 1  L o a  

DEC 300M100o500000r30000r3000e3~r30~~*3~ 
DCC 2 0 0 0 0 ~ . 2 W b Q 0 . 2 @ 0 0 0 * 1 ~ @ * 2 ~ * 2 @ * 2 ~ 1 ~ ~  
OEC 1000000.100000.10060 

58MIL DLC 1000 fX1000 
SOCENT oec loo  fX1OO 

58ONE DCC 1 fX1 
5 l l L N  OIC 1 0  , fX10 

DCC l E 9 ~ I E 8 ~ l F 7 r l f 6 ~ 1 ~ 5 ~ l C 4 ~ ~ C ~ ~ l C 2 ~ 1 ~ ~  
O K  O e 4 8  

0-1.7r-1 
os1  
0 * 2  

AS53WS 
AS58V1 Z t l O  FIRSO ?LAO 
AS5801*1.2013 
*+S.2 

ASl8Pr2 . K I S Q O  ST- I870 1011Tm 
. * 1 * 2 r l  m u )  nOMw MOR. 
H O  

SXD 
s1z 
LXO 
SXD 
PXD 

AS58E TNX 
LGL 
ALS 
P I X  
TXH 
CAL 
TXL 

AS58K T X l  
Loo 
SLW 
T l X  
ST0 
ORA 
f AD 

LLS 
LXO 

AS5.f TXI  
T XL 
StD 
fnP 
fAe 
ST0 
LW 
SXD 
TXL 

AS58fl L I D  cu 
T l t  
TXH 
T T X  
TXL 

AS58C2 Z t T  
TRA 
AXT 
SXA 
TXL 

AS586 STQ 
sxo 
LXO 
w 
TXH 
CLA 
ORA 
?ID 
FOP 
CLA 
LRS 
STQ 
SXD 
LXD 

sxo 
tXL 
L W  
FUP 
TXl  

AS58H CLA 
?ID 
ST0 
LXD 
Txn 
TXH 
T I L  
T I L  
TXH 
I XL 
SXD 
SXD 
LXO 
L W  

A S l W  TXL 
In1 
CLA 
I XL 
101 
S t P  
1x1 
TXL 
POP 
S t O  
CLA 
OXO 
1m 

AS5W L W  
SLQ 

vxn 

L w  

tnx 

7 YO in4 

117 

7 

TO S T M E  RESULT 

Caof 

199 



Txn 
TXL 
TXL 
TXL 
T XH 

ASSaX PXD 
I XL 
TXL 
STP 

TXH 
STP 

ASS8Y MOP 
ssu 
LW 
OVP 
ST0 
LXB 
TXL 
L XA 
TXH 
TU! 

TXL 
F*, 
ST0 
TX! 
TXL 
FR? 
STO 

CLA 
AOM 

*OM 
STA 
tXL 
T XL 
I R A  

A S d l Y l  ?LE 
58YYAS EPU 
CoMucu ess 

Lno 

Loa 

r xL 

r x L  

0 
COMMON 

5 0  

ERROR 

L O R A  
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+ 

I NTGR 

DOL 

l R 4  

I MTOS 

I1 
12 

OLCA 

OCCO 

I RT 

IMC 

1 1 2  

F 111 

MASK 
FR 
MAS 
F1L 
TAB1 
OMC 
T A I L  
CRC 
A 
6 
ERR 
I a1 
I VAL 
XM 
T C Y A  
T l * E l  
Z U O  

.I111 
GLAUZ - 

EMTRY 
ENTRY 
SAVE 
CLA* 
SXA 
STO 
LOO. 
S IP  
I S 6  
ST0 
CLA* 
Lop 
ALS 
STA 
*MA 

CLA 
ST0 
ST0 
STZ 
ST2 
A X 1  
SXA 
POX 
T X I  
SXA 
ANA 
111 
Am 
fllD 
ST0 
CLA 
AX1 
S T M  
RLNI* 
SAVC 
I X A  
SXA 
A X 1  
A X 1  

TXL 
Tu( 
LW 
rclc. 
F I  

u. 
TXL 
TXH 
L W  
fm 
fro 
T I #  
AXT 
SXA 
AaT 

rmt 

Loo 

sm 

sm 

J9 
510 
SIP 
LW 
CLA 
SSP 
m 
TMl 
A X 1  

TXH 
SXA 
LXA 
CLA 
ALS 
TRA 
I X A  
1 x 1  
? X I  
ADD 
fm 
I O ?  
C W  
f10 
A X 1  
TRA 
CLA 
PO? 
r*c 
cw 
510. 
111. 
C L I  
ARS 
STA. 
LXA 
1 C W M  
OCT 
OCT 
OCT 
M c  
M C  
W C  

M C  

BSS 
ass 
0 s  

IU 
#U 

I I10 
o+C 
CliD 

i x r  

M e  
mss 

m a  

m 

A 

UT AT U 

FLOAT 

/TOTAL D U * I R  INTLIIVALI 
t8mocR 

IVAL/S%4 
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SIBMAP SK0AT.E ~ O ~ L I S ~ S R E F I D E C K I M I ~ ~ I R C L ~  *KOA 

*KOA 10 
DATE - TODAY-S DATE I N  1)IC C M M  DD b##lU W V V  M O A  20 

THE BCO CORM OF TODAY-S DATE *KOA 40 
*KnA 50 

* CALL DATE IBCDATEI. WHERE OCOATE IS 2 CELLS wnicn WILL COUTAIM *KOA 30 .~ 

0 

ENTRY 
SYSOAl  EW 

SXA 
DATE i x n  

PXA 

1SL 

PAX 

01 

SXA 
LXA 

PXA 
PAC 
1 x 1  
SXA 
I R A  
1 x 1  
PXA 
PAC 
CAL 
ADD 
SlA 
PXA 
LW 
L G L  
PAX 
LGL 
ALS 
SLY* 
LGL 
ORA 
SLY 
1NX 
1 x 1  
CAL 
LOR 
ORA 
SLY* 

ixn 

LGL 
ORA* 
S L Y .  

OAT64 AX1 
DATE1 A X 1  

TRAe 
019 B C I  

BC I 
OCI 

MOTABL BCT 
EN0 

DATE 
65 
O t r O  
OAlEl*l 
D A T E 4 r 4  
0AlE11 
lSL.1 ,o 
1 9 6  
I1 
. + l r l r l  
OAlE.1 
**4 
**l.l.-l 
8 1  
$ 4  
3 e 4  
PAX 
01 
* O  
SVSOAT 
12 
1 9 1  
12 
2 4  
3 $4 
12 
019 

+*2.1*b3 
**ls1.9 
MDlABL*1.1 

** 

12 
3 *4 
..4 

TSX em1w 

B U I L D  RflUW ADDRESS 

TSL anlRv 

L O A 0  UP XR4 FOR CALL SEP. 

*Kii i o  
M O A  70 
M O A  80 
*KOA 90 
M O A  100 
*KOA 110 
*KDA 120 
* K M  130 
+KOA 140 
*KDA 150 
M O A  160 
*KOA l?O 
*KOA 1#0 
+KDA 190 
*KOA 2W 
M O A  210 
*KDA 220 
*KOA 230 
+KOA 240 

M D D V V  
WlDDWOO 

WQr*oD/VVOOOD 
c+oD@o/vvoooo 
B p O o o O / D O ~ W  
OD0 YV’1000WO 
0019YV/OOOOW 

*KOA 250 
*KOA 2bO 
*KOA 210 
M O A  200 
M O A  2.0 
M D A  300 
MDA 310 
*KDA 320 
ffOA 330 
*KOA 340 
WDI B Y 0  
%@A 360 

O / O A A A / A ~ O O 0 0  WDL 370 
DQOOO6b+uAA IM 3.4 IINOIRLCll 

*KDA ffOA SO0 3 l O  
3b A O O W O / ~ O O O O  ffDA 400 
Dl A O 0 0 O W l W V  WOA 410 
D 1  WOA U O  
rs.4 =@A 490 

D A l E  ESCACC MDA 450 
1*001l00 M O A  W O  
9 ,  OEC. K)V. MI. SECT AUG. JULV JUNE MAY AW. W D A  470 
2r MAR. PED. WDA 4#0 

WCDA 490 1 1  JAN. 
f f D A  500 

__.  

**.a WmA 440 

SIOPTC *N14 LIST.M94 lN14 
SUBRWTINE I N T 4 I X ~ Y ~ X I ~ V O l  I N 1 4  10 
OIMENSION X I ~ I I Y I ~ I ~ X C I ~ I ~ Y C ~ ~ I  I N 1 4  20 
E W I V A L E N C E  l X C l l ~ r X l ~ r l X C l 2 l r X 2 ) r l X C I ) ) . X J ) . ( X C l 4 l ~ X 4 l ~ l V C l l l ~ Y l l l N l 4  30 
l$lYClZl.Y)I$lYcl3I.Y~l.lYcl4l$Y4l 1 N 1 4  40 

10 ASSIGN 90 10 MA I N 1 4  50 
J-2 lk14 60 
B=Xl IN14 70 

20 I C I X l J l l Y 0 ~ 4 O e 3 0  I N 1 4  80 
30 GO TO N A ~ l 9 0 . 1 6 0 l  I N 1 4  90 
4 0  I C l Y l J I l 3 O ~ 5 O e 3 O  I N 1 4  100 
SO I F l J - 2 1 6 O r 6 O ~ T O  I N 1 4  110 
LO VEmO.0 I N 1 4  120 

GO TO 180 I N 1 4  130 
70 ASSIGN 150 10 NB I N 1 4  140 

J= J-1 I N 1 4  150 
80 X I - X I J J  I N 1 4  160 

X Z = X I J - l l  INTI 110 
X3-X I J-2 I I N 1 4  180 
Y l M I J l  I N 1 4  190 
12.11 J-1 I I N 1 4  200 
Y3=Y I J-2 I 11114 210 
GO 10 M . l l S 0 1 1 7 0 )  I N 1 4  220 

I N 1 4  230 
100 IFIJ-21130~1JO~llO I N 1 4  2 4 0  
110 ASSIGN 160 TO NA I N 1 4  2 5 0  
120 J*J+I I N 1 4  260 

INTI 270 GO 10 20 
1’30 00 140 J=l*f I N 1 4  200 

X C I J I 4 I J I  I N 1 4  290 
140 Y C I J I - Y I J I  I N 1 4  300 
15.0 O=XP-Xl I N 1 4  310 

A l = D - X l  I N 1 4  320 
A29B-Xt  I N 1 4  330 
YE~A1*A2/2~O/O*llY3-Y2l/lX3~XZl-lY2-Vll/Ol-AZ/O*Yl+Al/O*Y2 I N 1 4  340 
GO TO 180 I N 1 4  350 

160 AJSlGW 170 TO NB I N 1 4  360 
GO TO 80 I N 1 4  310 

170 X4-XIJ-31 I N 1 4  $80 
Y 4 = V ( J - 9 1  I N 1 4  390 

A1.B-XZ IN14 410 
A2-0-I3 I N 1 4  420 
x M 1 2 = ~ Y 2 - Y l l / f x 2 - x l l  I N 1 4  430 
XM23.IY3-Y2l/O IN14 440 
XM34. lY4-Y3l / lX4-X3l  I N 1 4  4 5 0  
Y E ~ A 1 * A 2 * * 2 / 2 ~ O / D * * 2 * l X M l 2 - X M 2 3 l + A ~ * A l ~ * 2 / 2 ~ O / O + * 2 ~ l X M ~ 4 - X M Z 3 l - A 2 * l N T 4  460 

112 /D+Al*Y3 /O I N 1 4  410 
100 YOeYE IN14 410 

RETURN I N 1 4  490 
EN0 IN14 100 

90 I F l X f J J - D l l 2 O ~ I O O ~ ~ O O  

O=X3-X2 INI~ 400  

S I B F l C  N140). L 1 5 1 1 M 9 4  I N 1 4 0  
SUBROVTINE IN?4OfX.Y,XIrYOrDYl  I N 1 4 0  10 
0 IhIf!NSlON X I  9 I r Y  I 9  I e XC I 4  I r YC I 4  I I N T 4 D  20 
EOUIVALENCE I X C I 1 I s X l ~ ~ l X C l Z l r X 2 ) . ( X C o ) r X J ) . ( X C O . X 4 l r l V C I 1 1 ~ Y l l I N l 4 0  30 
1.lYC12l,Y2l.lYclYl.Y3l.lYcl4l.YIl I N 1 4 0  40 

10 ASSIGN 90 TO MA I N 1 4 0  YO 
J - 2  I N 1 4 D  60 
O.XI 

20 I F l X I J I l 3 0 ~ 4 0 ~ 3 0  
30 60 TO N A e l 9 0 1 1 b Q I  
40 I F I V I  J l  I30950190 

I N 1 4 0  70  
I N 1 4 0  ( 0  
I N 1 4 0  90 
I N 1 4 0 1 W  
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SO 
60 

TO 

a0 

90 
100 
110 
120 

130 

140 
I Y O  

1 I ? I J - 2 I l O r 6 0 ~ T O  
vC-O.0 
00 TO 100 
I 

' I  
I 
I 
! 

a 
E 

iSlbN 150 TO NO 
IJ-1 
! - X I J I  
!.XtJ-lI 
I-X I J-2 I 
I m Y I J I  
!-VI J-1 I 
I-VIJ-21 ! TO NO~1150*11OI  
~ l X l J l - O I l 2 O ~ l O O ~  
! I  J-2 I130@130o11~ 
SYGN 140 10 NA 
IJ+1 
I 10 20 ! 140 J-lr3 
. I J I - X I J I  
:I J l - V i  Jl 
Ci2-Xl 
*B-Xl 

100 

. . . . ..- . . . 
xnzB.ixizY-xnl2,/2.0/0 
VO.AlOAZcXL12B-A2~Vl /O+Al~V2 /D  

a 
a 

160 II 

110 N 

0 
A 
1 
I 

I 
1 
A 
V 

n 

I 
100 R 

e 

IN1401 
ll(T401 
YW14DI 
IN1401 
3111403 

110 
120 
190 
i40 
190 
140 
110 
100 
1.0 .. . 
Loo 
110 
120 
!SO 
!40 
!YO 
!40 
!TO 
!80 
190 
100 
110 
120 
IYO 
140 
I¶O 
Y O  
110 
100 
190 

110 
J O  
b30 
b 4 0  
,a0 
u) 
,716 
.a0 

'W 
10 '¶e 
50 
'60 
¶O 

la 

1b 
20 

SO 
40 

L e  
R K W m  

C 
50 L-LlIICS+* 

C A i i  ii 
m a  108 

C A U  130 
C u c  140 
C A U  190 

s11. ti: 

CAW. 210 
C u t  228 
C l u C  I S 0  tm 
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CHAM 
CHAM 
CHAM 

C 20 SEP 6 7  M O D I F I E D  FOR TABULAR INJECTOR C O C F F l C I E N l S  CHAM 
CHAM -. .. .. . 

LOGICAL LOGIK:. ARUN.BRUNrCRUR(sDRUN.ERUN*FRUN~G~i~H~UN~IRUN.JRUI( CHAM 
LOGICAL S L l i  SLZe EORJ CHAM 
REAL MACH CHAU 
COYWOU / I  CHAM 

1 GAM, NWI. WlTI301. A V N l 3 O l r  DVL( I3Ole CVMRI3OIe C V N I O O I ~  ELeOSCCHAM 

CHAM 
CHAM 
CHAM 
CHAM 

CONMOM /PROLOG/ LOGlK(o81.  H E A D l l 2 ) e  S L 1 9  Sh2r EORJ CHAU 

10 
20 
30 
40 
so 
LO 
7 0  
80 
90 

1 BO 
110 
1 2 0  
1 3 0  
140 

CHAM is0 
CHAM 160 
CHAM 110 
CHAM 180 
CHAM 190 
CHAM 200 
CUAM 210 
CHAM 2 2 0  
CHAM 2 3 0  
CHAM 2 4 0  
CHAM 250 
CHAM 2 6 0  
CHAM 2 7 0  
CHAM 280 
CHAM 290 
CHAM 300 

C 

C 
I F  I S L Z  1 GO TO 1 7 0  

S L Z  9 .TRUE. 
DO 70 1 1, 4 3 0 0  

IO O I N P  1 1 )  .) 0.0 
GO TO 110 

CHAM 160 
CHAM 170 
CHAM I10 
CHAM 790 
CHAM 800 
CHAM 810 
CHAM 820 
CHAM 830 
CHAM 840 
CHAM 850 

CHAM 810 
CHAM 080 
CHAM 190 
CHAM 900 
CHAM 910 
CHAM 920 
CHAM 930 
CHAM 940 
CHAM 950 
CHAM 960 
CHAM 910 
CHAM 9 0 0  
CHAM 990 
CUAMIOOO 
c n A M l 0 l o  
CHAM1020 
c n A M l 0 3 0  
CWAU1040 
CHAM1040 
CHAM1060 
CHAM 10 7 0  
CHAM1080 
t H A M l O 9 O  
CnAM1100 
CHAM11 10 

.PO 
, Y O  
. 4 0  
.50 
.60 
.TO 
, E O  

c n A M  w o  
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140 

110 

C 

C 
110 

c 

tF I CRWT .OR. folJ I CALL P A W  
IF 1 .WOTo EORJ I GO TO SO0 
WRITE I141 STOOAT 
BACKSPACf 14 
EL - CE 
osc 9 CI 
a&* = OINPIlll 
I F  I .NOT. IM I GO TO l & O  
MY1 I I JOMEGA-22 ) I 2  +1 
00 150 I I 1. NWI 

WITlMU9l D9NPl JOMEGA t 
YITlll - OIWI 2*1+21 I 

RETURN 
e...., 

PRO6RAU R C T W ) 5  I F  AND ONLY IF 

C 
C 

IT0 REA0 114) STOOAT 
OACKSPACE 14 
I F  I .MOT. fRUN I GO TO ZOO 

C 

IS ro 

CUAMlXZO 
CHAM1230 
CHAW1240 
Cl4AMlZ~O 
CHAM1260 
cnmizoo CHAM1270 

CHAM1290 
CHM(1300 
CHAM1310 
CHull320 
CHAM1330 

RUN CHAMlD40 

200 b 
C M H U  
c t  
CH.HI 
210 Y 

I 
220 0 

F 
230 U 

U 
240 I 

C*- 

CH.W 
250 0 

I 
1 
2 
2 

c a  

0 
I 
I 
L 
I 

2bO d 
C H H H  

I1 

.2 

.I  

.I  
0 
I1  
F 

A 
c 
IN . 

u 
m 
H 
tb 
'I 
Id 
1 

N 
,I 
H 

CHAM1190 
CHAM1200 
CHAM1210 

340 I C  I CI3l 
!YO - 0 
DO 350 I - 1, W 
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CHAM2400 
CHAM241 0 
CHAM2420 

C 
410 CALL LONGL 

C CHAM2430 
I F I K E R l 4 2 0 ~ 4 4 0 r 4 2 0  

CHAM2440 420 WRITE 1 6 ~ 4 3 0 1  
430 F O R M A T l l H O r 4 O X ~ I 8 H  ERROR PROGRAM A I CHAM2450 

CALL CORE I A I I I ~  7008 C A  I CHAM2460 
440 CONTINUE CHAM2470 

CHAM2480 GO TO 110 
(rrl1.+9+++H++*~+++rrr~~++~~Q~+*+*~~r646ea~+r++C8r+lra+W+~+~++*~00+6*+ CHAM2490 

CHAM2500 SET UP M A I N  CONTROL D A T A  FOR USE I N  8 
C C I t ~ 9 + + . i 2 + ~ O C I + + + + l + + ~ + ~ ~ ~ ~ ~ O ~ 6 ~ ~ ~ + + ~ ~ 9 ~ 1 1 + + 4 0 * 1 ) + 9 ~ + 9 * ~ 9 + * * + ~ 5 6 + * + * ~ ~  CHAM2510 

CHAY2520 4 5 0  

460 

470 

4ao 
4 9 0  

eo0 

120 

I F  I .NOT. BRUN I GO TO 530 
BlllrwCl1l 
BlZl~EXTRAll~l/EXTRAll4l 
B O I - E X T R A I I I I  
B l 5 I ~ E X T R A l l 6 1  
8161 D I N P I 1 7 1  
8171 - D I R P I I I I  
BIB1 I D I N P l l 9 )  
B I 19l-wclz I 
00 460 I=IeNDMEG 
B l 1 + 1 6 9 l ~ W C l 1 + 2 l  
CONTINUE 
BIZOOI - DISTLIII / D I N P I 1 4 1  
812201 = DISTMl11 
811'11 = 1.0 
DO 400 I - 2. 20 
I F l D I S T M I 1 l 1 4 9 0 ~ 4 9 0 r 4 7 0  
6~1+199I-O1STLl11/EXTRAf~4t 
8 l I + Z 1 9 l = D I S T M l I l  

CONTINUE 
CONTINUE 
CALL TRANS I BI  X. CB. KER I 
DO 500 I a 9s 100 

D l 1 1  . X I 1 1  
~ F l K C R I S ~ O ~ S 1 0 ~ J 3 0  
* 8 I T C  16.5201 

n i i 7 ) ~ 1 1 1 ~ i + i . o  

ORMAT llHO*4OX~l8H ERROR PROGRAM I I 

. .  
CALL OD0 I X l l l r  V l l l *  COP KLRe E l l l  I 
I F  I ERR I 110 rSO0.580 

580 I F  I KIR I b10*590.b10 
590 WRITE l6.6001 
600 FORWT ( l H O r 4 0 X ~ 1 0 H  ERROR PROGRAM D I 

-. .. . . - - 
CHAM2530 
CHAM2540 
CHAM2550 
CHAM2560 
CHAM2570 
CHAM2500 
CHAM2590 
CHAMZbOQ 
CHAM2610 
CHAM2620 
CHAM2630 
CHAM2640 
CHAM2650 
CHAM2660 
CHAM2670 
CHAMZLOO 
CHAMIWO 
CHAM2100 
CHAM21 IO 
CHAM2720 
CHAM2730 
CMAMZ740 
CHAM2740 
CHAM2160 
CnAM2770 
CHAM2180 
CHAM2190 
CHAM2800 

._ 
110 
120 
110 
140 
150 
160 
170 
100 
190 
too 
110 
120 
130 
140 
150 
160 
170 
IO 0 
190 
00 
10 
20 
30 
40 
.50 
60 

6 1 9 f  C YGEN L I S T s M 9 4  WGEN 
SJBRWTINC GENMEGIWI WGEN 

c WGEN 
~+i~.r+.c++++rr+*rrri+~.rr.rr+.r+..rrrmrp+*++*r9+*+++~*++++++++++++e+ WGEN 

PIMENSION n i i i  WGEN 
WGEN 

.OMGITUDINAL WILL HAVE NEG SMH WHICH WlLL BE SET TO ZERO BEFOR RETURWGEN 
' I  SNH 0 LOMGITIOUMIAL AWD GENERATE + OR - 10 PERCENT OF P I E  WGEM 

r * . n v + * . . + + + , + + + + . t , I C N . B . ( I , . H . O C I .  YGEM 
YtEM 

i r  I .+C*++~*+C++++,*I.+*.**+~*~+*~***~+~*++~*+~*+~+*.+**+..++ WGEN 
' t 3 R  TRrNSVERSE GENERATE 10 VALUES AROUND SNM 9 PERCENT BELOW AND YGEN 

IFIW I1 I 140 ~ 5 0 . 1 0  

11  PFRCFNT ABOV' WGEN 120 
t ~ ~ r ~ t ~ ~ + + + + + + ~ + ~ ~ ~ ~ ~ ~ ~ + ~ ~ ~ ~ ~ ~ ~ ~ + + ~ t ~ r + ~ + + + + ~ ~ ~ + ~ ~ + + w + + ~ ~ + ~ + + + ~ ~ o o ~ + m  WGEN 130 

10 ZNHIWfIt WGFM 140 
L O  5ELMEG-.I+SNH HGEN 150 

M E N  1bO WOI-SMH-DELMEG 
CELMEGIOELMEG/!i.O WGCW 110 
Wl31-WI3l+OELMEG WGEN 180 
00 30 1 - 4 r l 2  WGEM 190 
W l X l ~ W l I - I l + D E L M E G  WGEN 200 

30 CONTINUE WGLM 210 
~ c . r + e + + + + + + + a + e + + + r + + o ~ ~ * + e * + + e a ~ ~ ~ ~ e + + + ~ + + ~ 9 + o + m s ~ ~ ~ + + + + + + * * e + * + + +  220 
C N E G I T I V E  10 INDICATES TO PROGRAM THAT FREQUENCES ARE GENERATE0 INTCRMWGER 230 
C+"".++4rr..rr*+++l****6+++*Q6+++ar****9~+b++*++4M+4**~***~9+4M9+..C HGEN 260 

Wl2l.-10.0 WGEN 250 
P C W R N  WGEN 260 . a I ~ 4 ~ t + o + + t + ~ ~ + + + + + ~ 6 ~ + ~ ~ + 4 ~ + a ~ + ~ + o + + + 9 + * + + + + + ~ ~ + + + + + ~ * + 4 ~ M * + * ~ +  YGEN 210 

Y f G  GENERATE + OR - IO PERCENT 04' P O S I T I V E  I N I T I A L  GUESS WGEM 280 
~ u b * r ~ + O + r + + + + w ~ + r * 4 + + + + ) r r + + + + ~ o * ~ ~ ~ + + Q * * * 4 * * + ~ ~ e + ~ ~ + + * 4 ~ b + ~ ~ ~ + + + + + ~ b +  WGEN 190 

4 ?  S N M s - W I I I  WGEN 300 
W I  1 1.0.0 WGEN 310 
GO TO 20 WGLN 320 

Sd SNH-3.141992 WGEN 330 
GO YO 20 WGEM 140 
EN0 WGEN 350 

10 
20 
30 
40 
50 
60 
70 
a0 
90 

100 
110 
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SORI G I BLOOC 

S I B f T C  HYMN L I S T d I 9 4  

C 
C CALCULATES COWBUSTIOM PARAMCTERS Mite H I  
C -RAM BV LW VCRNW C R O l  1 1 M A Y b l  ANALYSIS Of AJ SUITM9 JR 

C BOOLE INTEGRATION AS OF 12 JUNE 61 
C I n 0 9  RMOL CONVENTIONS CORRECTED 22JW 67 

SUBRWTINC TRANS I BIN, XOUTr CB. KCR 1 

C INCORPORATES CORRECTIOWS TO A I U L Y S I O  M U  1 JUB 61 

20 SEP 67 CK)OICI€O COR TABULAR INJECTOR COEFfICIENTS 

C 
REAL IARI IAIu IBRv I81 
LOGICAL LOGIKe MRURr CKOUTI SIPIPlr XICOT* L I M I T .  Tl8LR 

C 
ComcwC /PROLOG/ L O G I K l 3 8 1 ~  M ~ A D l 1 2 I s  S L l a  SLlr  EORJ 
C o w * y I  IABCOC / OlN 14300) 

1 SPACLI222I~ W I T I l ? ) ,  A V N I l 1 ) r  BVRl191s C V R I l I I s  C V N I I l I f  
OIMCMSIOW B I 240 I e G5 I 61 101 o 

1 22 I 102 I 9 STA8 I 102 8 6L I 1 2 8  3 I o 
2 U I 102 I C I A 0  I 102 I s SLAW I 12 I 
3 W I 102 I 9 OZU I 102 I e LAC I 12 I . 
4 UL I 102 I * WL I 102 I , 0 I 12 I . 
5 RMO I 102 I s ORWO I 1 0 2  I OLD I 12 * 
6 RMOL I 1 0 2  OR% I 1 0 2  I 0 ZING I 6 I 
T WAR I 1 0 2  9 W I 102 I @ SIMP f 6 I * 
8 Z I P 3  I 10) 9 V 1  I 102 I 9 ERR2 I 6 I I 

9 ZIP5 I 102 ) s VZ I 101 ) e Z f  I 6 I 

1 TMR I 30 I t TMI I 30 I TMTR I 30 I I TMTI I 30 I 
OOIYNSIOW AL I 6 I I OCEK I 4 I * 
1 BIN I 240 ) X W T  I 100 I 9 UC I 28 I * 
2 WET I 30 e CRT I 30 I 9 C I T  I 50 I t 
3 ZOISTI 20 I 0 CRT I 30 e C I T  I 50 I 
4 OISTMI 2 0  I 

OIWNSIOW 

EWIVALCNCE 
1 I W(IUY . LOGIKI at). (  CKWTO LOBIXII~II~I rrm, LOBIXI~~II~ 

I ( o i l )  . SNM I ~ I  BI l o t  e ZINC ) V I  D i n t  14) 0 wen I U  

2 I B I Z 1  s ZE 111 01 181 e Xm 1 9 1  ULl1) 9 ULO l e  
3 I B l 3 1  e GA(1 I r l  Bl 191 s XNW $ 9 1  -11) e I *  
4 I BI4I s Ut? 1.1 8 1 1 T O I  r WC I r l  B I Z 0 1  # U t 1  l e  
5 I B O )  9 SWNO I r l  812601 * LOlST 8.1 0150) L I T  10 
6 I BtbI s ULM 1.1 B4IZ6l OlSTM l e 1  01801 9 L I T  I *  
1 I 811) X I  1.1 B l I l O l  t CRT 8 )  
8 I BI81 r X C W L  ) . I  01140) e C I T  1 

1 I blMIS406I* RLQl I * (  DINI3407)o T L m  I 

2 I X W T  s L O O I K I l S t l r l  LIYITe L O G I K 1 1 6 1 l ~ ~  TMLR. L o B I R l 1 1 ) )  
C W I V A L E N C E  

EOVIVALENCE 

EWIVALCNCE 

MVW( 

MYHI( 
M Y M  
M Y W  
MYud 
MYHI( 
M Y R  
M V W  
HY 
H I M  
MVKU 
MYHI( 

10 
20 
30 
40 
50 
60 
70 
a0 
90 

100 
110 

HYMN 120 
M V W  130 
H V W  140 
M V R  150 
MYRA 1 b O  
M Y W  110 
MVMN 180 
MYKU 190 

M Y W  210 
M Y W  a20 
H I M  230 
M V W  240 

nyC(* zoo 

MYW a60 
MYMN 270 
HYMN 280 
MYMN 290 
HYMN 300 
MYMN 310 
HYMM 320 
HYMN 330 

M Y W  MYud 340 350 
MYMN 3bO 
MVMN 310 
HYMN H O  

MTW 400 
MYMN 410 
M Y M  420 
MYMN 430 
MY### 440 
MYMN 450 
HYMN 460 
MVMN 410 
M n *  480 
M Y l l  490 
MVMN 100 

mwm 3.0 

520 
590 
146 
550 
560 
510 
580 
190 
bbr 
610 
b20 
b30 
640 
650 
660 
bT0 
H O  
690 
1w 
110 
128 
730 
740 
150 
160 
170 
180 
190 
800 
810 
820 
830 
840 
II 50 
860 
810 
@BO 
890 

M Y W  910 
M V W  920 
MVWI 930 
M Y W  940 
M Y W  150 
M V W  960 
MYKU 910 
M Y W  980 
M Y W  990 
M Y M 1 0 0 o  
MYMNlOlO 
MYMNlO20 
WYMN1050 
t4YuW1040 
MYMN1050 
MYW410bO 
M Y R 1 0 9 0  
HYMN1060 
MYMWlOVO 
mm11 00 
MVMN111O 
(hMN1120 

HYMN1140 
M Y M N l l  SO 
M Y l l l 1 6 0  
HYMN1190 
~ V M N l l 6 0  
MYlcI1110 

mwmo 
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INT I 2 
IO.? = 10214 0 4 

C MUST BE WSITIVE MULTlPLE OF FOOWL. LESS TYAH 101 
GO TO 240 

C 
230 I N 1  - 1 
240 IF I I ID2 .EO. 0 I .OR. f 102 .GI. 100 I 1 ID2 * 80 

tD.7 - 1 D Z I Z  + 2 
C 

r 
ID2 IS UUMBEI OF L-IRCREMENTSo 

IDZP . ID2 + 1 
02 - LC I FLOATl1OLl 

LZIII s 0.0 
ut11 0 1.0F-10 
Dull1 0.0 
RWOlll- 1.0 
ULO = ULNISWNO 
GF1 D -1.0 I (GAM-1.0) 
GFZ * IGAM-1.01 / 2.0 
RHOLE = I 1.0 + GFZ+UE+UE 
RHOLO I RHOLE * UE I ULO 
OBARlIl 6 0.0 
LIP3111 - 0.0 
Z l P 5 f l l  = RMOLO 

ABOVE ARE FlRST TABULAR ENTRIES. 

I **GFl 

2 = 0.0 

00 250 12 9 2 1  IOZP 
Z . Z + O L  
CALL IN740 I ZDIST. DISTM. 2 s  UIlZlt OUIIZI I 
ZZIIZI . 2 _ _  - 
U I121 * UIIZl*SCALE 
OUIIZI - DUIIZl*SCALE 
ULIIZI = ULl12-11 + XK*DZ+I UIIZ-11-ULIIZ-11 IIULIIZ-1) 
TEMP I 1.0 + GAM+l UIIZI-ULIIZI l+Ul12l 
RHOIIZI rn I 1.0 + GFZWIlLIWllZl I +*GF1 
RHOLllLl I I RHOLEWE - RHOIlZ~*UllZl I I ULIILI 

0 OBARllZI I I I 1.0 - GAM*Ull2l~UllLl ~*RM0112I*Wllll 
1 - GAM+UII2IHHOL~lZ~+XK*l UlI2l-vLllZl I I I TEMP 

LIP3llLI rn DUIILI + DUl12l 
LIP5IlLI = RMOLllZl I RMOlI2l 

250 CONTINUE 
ZZIIDZDI - ZC 
U IIDLPI = UE 
oullozPl = 0.0 
RHOllDLPl - RHOLE 
RHOLflO2Pl - 6.n 
QBARIIDZPJ = 0.0 
21P311DZPl rn 0.0 
LIP5llOZPl = 0.0 

C 
C W A R .  ZIP39 ZIP5 AS TABULATED ABOVE ARE FRED-INDEPENDENT PARTS 
C OF IUTEGRANDS. 
C 
~.++.*+++.+..+.+++++r+.r.r.,r...r..rr.r.*e4+**+*+~~***4**~*+~*+~*4+++ 

tF I .WT. HRUN I GO TO 270 
C 
C I N I T I A L  VALUES FOR Wl-ORDER TABLES 

HOL = 0.5 + 02 
n2u I l l  . 0.0 
DRMOfll = 0.0 
OROLIII - 0.0 
00 I l l  = 0.0 
DUL 111 -XK 
v1 I11 = 0.0 
vz I l l  - 1.0 
NDLR = 0.5IOL 
A1 * HDZIULO 

C 

C MI-ORDER TABLES 
DO 260 12 * 2. IDZP 

A 2  HOZIUL112l 
VlIIZl - VlIlZ-11 + A 1  + A 2  
V21121 = EXPI XK*V11121 I 
A1 A 2  
OUL I121 I UL 112+11 - UL 112-11 I W Z R  
ORH01121 I I RHO 112+1l - RHO 112-11 I W O L R  
DROLIIZI I RHOLIII+ll - RHOLllZ-11 I*HOLR 
DO 1121 I OBARllL+ll - OBARIIZ-ll I+MOZR 
02U If21 I I DU f12+1l - W 112-11 l m O 2 R  

260 COUTINUE 
C FINAL VALUES 

OUL IlOZPI X K ~ I U E - U L I l D 2 P I ~ I U L f I D Z P ~  
OROLIIOZP) = 0.0 
DRNOllDZPl = 0.0 
DO 110ZPl = 0.0 
DZU IIOLPI - 0.0 
OZUlZl = 0.5.02U13l 
DO 12) 0 . ~ 0 1  131 
02UlIDLl = O.5+02UIIOZ-11 
oa ixozi 0 O.'J+W 1ioz-i) 

C 
KNOT XI .EO. 0.0 
X12R - 0.0 
X13R = 0.0 
X14R 9 0.0 

HVMNIPW 
WVMNlllO 
HYMN1220 
HYMN1230 
HYMN1240 
HVMN1230 
HVMN1260 
HIMU1270 
HYMN1280 
HYMN1290 
HYMN 13 00 
HVMNl3lO 
HYMN1320 
HYMN1330 
HYMN1340 
HYMN1350 
HYMN1360 
HYMN1370 
MVMN1380 
HVMN1390 
MVL11400 
MVMN1410 
HYMN1420 
HVMN1430 
MVMN1440 
HYMN1450 
HVW1460 
HYMN1470 
HYMN1480 
HVMN1490 
MVw)11500 
HYMN 15 10 
HYMNl52D 
HYL11530 
MV*cl540 
HYWlSSD 
HVMNl560 
HYMN1570 
WVMN1580 
HYMN1590 
HVMN1600 
NVW1610 
HVL11620 
HYMN1630 
MVMNI640 
HYMN1650 
HVL11660 
HYMN1670 
HYMN1680 
MVMNl690 

HVMNl710 
HYMN1720 
MVMN1730 
HVMN1740 
HVYIII'fIO 
HYMN 1760 
MYMU1770 
HYMN1 780 

MVMNlOW 
MVL1lOlO 
HYMN1020 
HYMN1830 
HYMN1840 
HYMN1850 
HYMN1860 
HYMN1870 
HVUNIOOO 
HYMN1890 
HVMN190O 
HYMN1910 
HYMN1920 
HYMN1930 
HYMN1940 
HYMN1950 
HYMN1960 
MVMNl970 
HYMN1980 
MVMNl990 
MVMN2000 
HYMN2010 
MVMN2020 
MVMN2030 
HYMN2040 
HYMN2050 
HVMN2060 
HYMN20TO 
HYMN2080 
MYL12090 
HYMN2100 
HIMU2110 
HYMN2120 
HYMN2 13 0 
HVMNZ 140 
HYMN2150 
HYMN2 160 
MVW2170 
HYMN2180 
HYMN2190 

VKI - 0.0 HYMN22DO 
VKZ 0.0 HYMN2210 
IF I TABLR I GO TO 270 HYMN2220 
ANH = AVNl11 HVMN2230 
BNH I RVH Ill + RLON HVMN2240 
CNHR = CVNRIlI I TLOM HYMM22YO 
CNHI CVNIIII * TLON MVMNZ260 

C HVMN2270 
270 CONTINUE HYMN2280 

NU I XNU HYMN2290 
C HYMN2300 
~+s.rr++r~~~~~re~e6+~e+ee+e+~eo*e4~~++o~*+*o+oo++*+**~~ee*+6~6**e*e**+ ~ Y ~ ~ 2 f 1 0  
C HYMN2320 
C CALCULATIONS FOR EACH FREOUENCVr W MVMN2330 
C HYL12340 
~ r + * r + + ~ ~ + ~ + + ~ + + r ~ e ~ e 4 ~ ~ e e e + + + + e + ~ ~ + e ~ ~ ~ + ~ + o ~ + ~ + ~ ~ o + + ~ 4 ~ ~ e 4 e + + 4 e + ~ + e e  ~ Y ~ ~ 2 3 5 0  
C HVMN2360 

DO 820 I W  * l r  NW HYMN2370 
u YCIIWI HYMN2380 
WE62 * SNWSUM - W*W HVMN2390 
OMLO 10(1TIA8SlCe(EG2II WVMN2400 

n v ~ ~ 1 7 0 0  

nv MN 1 T90 
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C 

280 

C 
290 

C 
300 

Report 20672-PIF, 

CALL IN14 I VET. ERTI W e  ER 1 
CALL I N 1 4  I VET. E I T s  W e  E 1  I 
I F  I OMEGZ I 280.290*300 
In . 1 
GO TO 310 

I M  9 2 
OMEG 9 0.SE-10 
W E G Z  - 0.25E-20 

I M  3 

Appendix B 

C 
C EVALUATION OF S I X  INTEGRALS BY B W L E  FORMULA I OR SIMPSON 1 
C BOOLE INTEGRATION I F  Z I N C  INPUT POSITTVE. ELSE SIMPSbls RULE 

I B W L E  15  SIMPSON RULE WITH ERROR FOIMULA I c 
C 
C 
C 
C 

310 
320 

C 
330 

C 
340 

C 
350 

C 
360 

C 
370 

C 
300 

C 
390 

C 
400 

C 
C 

410 

420 
430 

C 

C 
440 

450 
C 

C 
460 
470 

C 
C 

In IS I 1. 2, 3 I AS WEGZ IS I -. os + 
THEN USE I CIRCULAR, LIMIT. H V P E R l O L l C  I FUNCTIONS 

DO 320 1 - 1-  6 

NOD = 3 
DO 430 12 rn l r  IDLP.  I N 1  

Z I N G I I I  e 0.0 

z . LLIILI 
GO TO 1350.340r3301r NOD 

WT . 1.0 
NO0 = 1 
GO TO 360 

UT j .  2.0 
I F  I 12 .EO. I D L P  I GO TO 330 
NDD = 1 
GO TO 360 

WT I 4.0 
NOD I 2 

P S I  I OMEG 4 I Z E - 2 1  
GO TO 1 3 9 0 ~ 3 7 0 ~ 3 8 0 1 r  I M  

L E 2  j .  LE - 2 
L F l l )  - W A R I I L l  4 LE2 
2F121 I W A R I I Z I  
L F O I  - Z I P 3 1 1 2 1  4 L E 2  
LF(41 * ZlP3I1ZI 
L F I Y I  = L I P 5 l I Z l  4 L E 2  
ZFl61 I Z I P $ I I Z l  
GO TO 410 

CF rn C O S M I P S I I  
5F - SINHIPS11 
GO TO 400 

CF - COS I P S 1 1  
SF - S I N  ( P S I ) .  

L F I l l  - QBARIIZI 4 SF 
LFl2I = QBAR112I 4 CF 
L F O I  = 2IP3lIZI 4 SF 
ZFl41 - 2 I P 3 I I Z I  4 CF 
L F l 5 I  - Z I P 5 1 1 2 1  4 SF 
Z F l 6 )  = Z I P 5 l I 2 1  + CF 

LF ARE COMPLETE INTEGRANDS 

DO 420 I - 1. 6 
L I N G I I I  rn L I N G I I I  + W T + Z F I I I  
CON1 INUE 

CONTINUE 

GO TO (460.4401t  IN7 

I N 1  - 1 
DO 450 I 1. 6 

S I M P I I )  I Z I N G I I l ~ O L / 1 ~ 5  
S I M P  t S  SIMPSON INTEGRAL FOR ZOLIZ fNCllEYENTf 

GO TO 310 

DO 470 I I 1. 6 
L I N G I I I  Z I N G l I l ~ D L 1 3 . 0  

Z I N G  IS SIMPSON INTEGRAL FOR ID2 INCREMENTS 

IF I SIMPL I GO 7 0  490 
I N 1  = 2 

00 480 I I 1. 6 
E R R Z I I I  I I Z I N G l l l - S I M P I I )  I I 1 5 e O  
IF  I A B S I E R R Z I I I I Z I N G I I l  I .GTe 0.05 I CKOVT *TRUE. 

C LING. S I H P  ARE SIMPSON INTEGRALS W I T H  1BZr I B L l P  INCREt@EE)(?S 

C CORRECTED L I N G  IS NOW BOOLE I N I E W A L  
I l l G I 1 1  Z I N G I I I  + ERR2111 

480 CONTINUE 
c 
C ABOVE Z I N G I I I  ARE THE REQUIRE0 INTEGRALS 
C 

490 IF I .NOT. CKOVT I GO TO 100 
WRITE l6r1001 Z I N G  
I F  I .NOT. S I H P L  1 WRI?E 16e1101 ERR2 

r 
500 OLE = OMEG L E  

WKSQ I XK*XK + V I M  
11 XK*W I WKSO 
1 2  V W  I WKSQ 

Y I R  G A f 4 O L I N G I 2 I - Z I N G I 2 I  + L I N G l 4 1  + Y * , t l ~ Z I N G l 6 1  
V11 XK*Tl*ZINGI61 

GO TD l 5 3 0 ~ 5 1 0 ~ 5 2 0 1 ~  111 

C 

C 

C 
¶IO VZR -SNWER/W 

V21 -SNH+EI/W 
ERCON - SNWER 

GO TO 550 

520 CDZE COSHIOZEl  

Ercm = SNM+EI 

C 

SOLE w S I N M I O Z E I  
GO TO 540 

C 
530 COLE 0 cosiozei 

HVMl24lO 
WVUNPIZO 
HYMN2430 
HYMN2440 
HYMN2450 
HYMN2460 
HYMN2470 
HYMN2410 
HYMN2490 
MVMN2500 
HYMN2510 
MrMNZ520 
HYMN2530 
HYk?H2540 
HYMN2550 
HVUN2560 
HVlllZSIO 
WVMN2580 . 
HVMN2990 
MYW2600 
MVMN2610 
HVl*(2120 
HYMM2630 

HYMN2650 
H V W Z U O  
HYMN2670 
WVMNZ600 
HYMN2690 
MVW2700 
HVHNZ?XO 
HYMN2720 
WVMN2730 
HVMNZ740 

HYMN2760 HYlllZ770 

HYMN2710 
HYMN2790 
HVMN2600 
HYMN20 10 
HVMN202O 
HVMN2l30 
MYW2040 
HYMN2050 
HYMN2860 
MVMNZl70 
HYuXZ8OO 
HVMN28TO 
MVMNZT00 
wIMN2T10 
HYMN2920 
HYMN2930 
WMN2940 
HYMN2950 
MY*(12960 
HVMN2970 
HYMN2910 
HYMN2990 
HYMN3000 
HVMN3010 
HYMN3020 
HVMN3030 
HYMN9040 
MYMN3OYO 
H I  HN 3 0 6 0 
HYMN1070 
M V ~ 3 0 # 0  
MYffl3090 
HVMN3lW 
HVNN3110 
HYMN3120 
HVR(3130 
HYMN3140 
HVo(3150 
MVMN3160 
MVNN3170 

MVMN3190 
HYM(3200 
WVMN3210 
HYMN3220 
HYffl3230 
HVClll1240 
HV19113250 

HVMM3270 

HYMN3290 
MVHN3SOO 
HYe))(3310 
HYM3320 
MVMN3330 
WVMN3340 
HVMN3350 
HYMN3360 
nr~1)09?0 
~ Y M O ~ Y O O  

n v w z 6 4 0  

HVuX2750 

nrm3 I 8 0  

H V I O I ~ Z ~ O  

n v w n 3 ~ e a  

HYMN3390 
HYMN3400 
HYW43410 
HYLX13420 

MYl*(3440 
HVHN3450 
MVW3460 
HYMN3470 
MYHN34IO 
HYW3490 
M Y ~ 3 3 0 0  
WVMN3510 
HYMN3520 
HYMN3530 
HVMN3540 
MYR135 50 
HVMN35BO 
MVMN3570 
HYMN3580 
HVMN3590 
MYW3600 
WY)013010 

n v w 3 4 3 0  
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nvn 
nvm 
nvm 
nvn 
nvm 
nvm 
nvm 

nvm mm 
Nvm 

C 
C 

1 7 0  

5.0 

C 

C 

C 
9.5 

C 

C 

590 

600 

C 
610 

610 

C 
I 1 0  

b40 

C 
C 

650 

0 
1 
0 
1 

0 
1 

IJ 
I1 
I ¶  
IS 
I3 
I¶ 
I¶ 
I3 
I¶  
II 
I3 
I3 
I8 
I1 
I 3  
I3 
I3 
I¶ 
I8 

I¶ 
I¶ 

I¶ 

n 

n 
n 
n 
I¶ 
I1 
I8 
I¶ 
I3 
I¶ 
I 3  
I¶ 

lb 
U 
11 

I@ 
Y 

1 
IS 
I1 
I1 
I1  
I1  
I1 
I1 
IS 
I? 
I1  
1 
H 
I8 
I1  
I8 
I8 
11 
I8 
I8 
I1  
19 
r( 
n 
n 
II 

16 

m 

0 
0 
0 
0 
0 
0 
0 
0 
10 
0 
0 
0 
a 
0 
a 
0 
0 
0 
!a 
0 
0 
0 
0 
0 
0 
0 
0 
0 
e . 
0 
0 
a 

C T A O I 1 2 I  0 COS IARGl 
SIGN * -1.0 
GO TO 650 

00 b20 I2 l r  IbZP 
STABIIL) * LLl12l 
C T A O I I L I  = le0 

GLI11.ll . T C W  * LC 
G L l 1 2 . l )  TCW 
Go TO (150 

Do b40 12 I 1. IOLP 
ARG I OYCG*LZI1ZI 
STAOIIZI - SlN11ARG) 
C T A D f l Z )  e COSWIAROI 

SIGN m 1.0 
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C 
C 
C 

C 
660 

C 
670 

C 
600 

C 
690 

0 
1 
0 
1 
0 
1 
0 
1 
0 
1 
0 
1 

C 

C 
700 

C 

TI0 
0 
1 

C 

C 

C 

C 

720 
C 

0 
1 
2 
3 
4 
0 
I 

C 
730 

C 
C 
C 
C 

V23 = RMOIIZI + 1.0 WYHII47YO 
V24 (. RMOIIZI - 1.0 UVMN4740 
V25 0 VZ2 4 IOOARIIZI~OUII~) + UlI?.)*OOllZII WY*W4750 
VZ6 I WIIZI IV22.OOARIIZ) + (GAY + V Z Y l * W l I Z I I  HYMN4760 
V27 9 RHOIIZI*VlO/T2 HVMN4770 

0 V 2 0  - VZ2 + I O B A R I I Z ~ ~ l O l A R I l t I I I I H b l l t l  + BUIIZ)I HYMN4700 
1 * 2.OwlILI*oOIIzII HYMt4790 

VZ9 I RHOlIZl 4 lOZUlIZI~lUl1ZI - ULlIZll MYWl4800 
1 HYMN4110 
0 * W l I ~ l * I W I I Z l  - W L f I Z I I 1  

V30 UIIZ)402UIIZI M Y W Z O  
C MYMN((LISO 
C TMC WNCTIOWS V1 e.. VZO ARE I W O C C C ~ M T  W Ue MCNCE UE CWLB HYMN4040 

TRAM CORE FOR TIM BV TAKING ALL LM aowc OUT IF w-LOOP AS 
SUIISCRIPTEO VARIAOLES. LE7 S SEE FIRST W A T  CORE YE W V E e  

ARG Y + VIIIZ) 
CUV m COSIARGI 
SUV SINIARGO) 
XI101. I CW*VZI IZ l /R) (OI IZ I  
X I 1 0 1  * SW*V2l IZ I /RM01lZ I  
LETAR = CUVIV2IIZl 

C l  = COS I OLE2 
GO TO 690 

PO 1.0 
PPI I 0.0 
ST = ZE-ZZffLI 
CT - 1.0 
GO TO 690 

PO - CTABIIZI 
PPO * OYFG4STAOI 
Sl = SINMI  OLE2 
Cl COSWI 02EZ 

I J K  0 
00 700 JZ * 11, 

I J K  I J K  + 1 

I )  

IOZP 

CONTIWE 

PlOR - -XK*Y*GSl5.IZl * 71 
P l O I  I I G A ~ * G S l l ~ I ~ I - O S l l ~ I Z l ~ S l 3 ~ I ~ I + Y * ~ l ~ G S O ~ I Z ~  ) Y 

I P l l R  0.0 I 
P l T I  = -n .OS l1 .1~1  
if I LIWIT I GO 70 710 
PlOR PIOIIOMYCG 
Plot PlOI/OMEG 
P l l I  * PllI/o*EG 
PPlOR * -U*XK*TI + G S l 6 r I Z t  
PPlO!I I I G A M * G S I 2 ~ 1 2 1  - G S I 2 . I Z I  + G S I 4 ~ 1 2 1  

+ W * l l * G S l 6 r I L I  I * W 
I W l l R  I 0.0 I 

C P l I I  9 -U*GSIt.IZI 

IF I KNOT I GO TO 730 

X I l L R  I UNIWOLIIZI+ZCTAR - Vl9*ICTAf I 11 
XI161 I W*RMOLIIZI4ZETAI - V19+ZETAR I T 1  
T3 I I U~Tl4OROLlILl/RHOlIZl + BZUIIZI I + M 
G I 1 1  T3 4 X I l O R  
G I 2 1  * 13 4 X I 1 0 1  
1 4  = OMEGP*PO + PPO 
GI31 * X I l 4 R  * 14 

G O 1  = PPO * X I 1 0 1  
0161 I P P I  4 X I 1 0 1  
G I  7 1  X I 1 4 1  * P P l l I  
G I  01 9 X I 1 4 1  * P P l l I  
01 9 )  XI14R 4 PPlOR 

EVILUATE INTEGRALS IN Expntssims tea LWOAS I A L I I I  I 

0 1 4 1  9 XI141 0 1 4  

G110I X I 1 4 1  * PPlOR 
0111) - X I l 4 R  * PP101 
G I I Z )  * X I 1 4 1  + PPI01 

BO 720 I * l e  12 
ZAP111 I I G I I )  + OLDIII I*WZ + ZAPI!) 
OLOIII - G I I )  

VKl -S X I  9 I T l ~ ~ L l I Z I l R H O l I Z I * l V Z 4 ~ l I 1 l  - V 3 l  
I TRAPEZOIOAL RULE I 

+ ~ I I Z )  * IY.1l.RHOClIZIlRHOlILI+WlILI - DVLIIL) - XK*ZCTARI - ULIIZI*MKKIIZI - Ull~I/MOlIzleOlOLlIzl - R W O L 1 1 Z I 1 R H O I I 2 I ~ I V Z 2 ~ ~ I 1 ~ ~  + V Z 3 * W f l Z I l I  
VK2 - XK 0 I 12*UII~~/RXQIIZI*BROLIIZI 

+ XK~GM+R)(OLlI2I+LE7Al/U) 

X I l R  
X I 1 1  
X f Z I  

X I 4 1  
X I 5 1  
XIZR 

xr31 

V 2 9  + VK11 

M W f 4 0 5 0  
HYMN4060 
MYW4070 
MVMN4100 
HVMN4l90 
MYMN4WO 
HYMN4910 
MYMt4920 
mMN493o 
MYM4940 
HVMN4950 
HVMN4960 
HYMN4970 
n Y ~ 9 1 s  
HYMN4990 
HYMN5000 
W Y M 5 0 1 0  
HVMN5020 
MVMN5030 

HYMNSOW 
MVMN50LO 
HYMN5070 
HYMN5000 
HYMN5090 
MYMN51C4 
HVWI5110 
HYMN5120 
HYMN5130 
HYMN5140 
MY1015190 
MMNt lbO 
HYMN5170 
HYl)O100 
HYMN5190 

nvmiow 

M*MN5iOa 
HVMN9210 
MYMN5220 
HYMN9210 
WVMN5240 
MVM5250 
HYMN5260 
WY*nZ?O 
WYY5200 
HYMN5290 
HYMN5300 
HVMN5YlO 
MVMN5920 
MYMN5Y10 
HYMh5Y40 
NYMN5YSO 
HYMN5360 
WYMN5Y?O 
WYMN5Y80 
MVMN5390 
MYMNWQd 
HYMN9410 
HYMN5420 
U V M 5 4 3 0  
MYWI5440 
nrm54so 
MYWI5460 
MYfW9b7O 
HYMN5400 
NVMN5490 
HYMN55IW 
MYMNYSlO 
HYMN5520 HYMN5590 

HYMN5540 
HYMN5l5O 
HYMN5500 
HYI*15510 
HYIIR55OO 
WYLII(5S90 
HVIIRIIM) 
MVMN5610 
HYMN5620 
H Y M 6 S O  
HYMN56+0 
HYMN5650 
HVMN5660 
HYMN5610 
HVMNWIO 
RVMNW90 
HVMN9100 
WYI*o710 
HYMN5720 
HYR1(5790 
MYl4M5740 
HYMN5750 
HVMN5760 
WYMS770 
HYMN5780 
HYMN5790 
WVMN5000 
H V W 5 a  10 
ML15120 
MYMN5~90 
H Y Y 5 1 4 0  
WMN5090 

w*m9170 
n*msaoo 
MYMN¶)190 
HYMN5WO 
MVMN9910 
UVRS9IO 
wm99so 

HYMNSI~Q 
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C 

1 5  I W / U L l I Z l  * R H O L I I Z I I U L I I ~ I  HYMN5940 
76 - V2O*ZETAI - TWZETAR HYMN3930 
1 7  I V20*2ETAR - TS*LETAI HYMN5960 

HYMN5970 
wwnsoan 

18 I WIRHOIILI * I R H O L I I Z I  - R H O l I L l * R H O L l I Z l  1 . . . . ..._ _-_ 
0 A4R = 11 * I T8*1 ZETAI*LAP151 + L E T A R * L A P l 6 l  1 HYMN5990 
1 - R H O L l I Z l * l  L E T A R * Z A P I l l  + Z E T A f * Z A P l f l  1 HYMN6000 
Z - T6*ZAP131 + T 7 * Z A P I 4 )  I HYMN6010 
3 + X 1 1 6 R * I Z A P l  9 l - L A P l 1 2 1 1  - X I l 6 I * l Z A P l 1 1 ~ + Z A P I l O ~ l  HYMN6020 

C HYMN6030 

1 - R H O L I I Z l * I  ZLTA(prZAPI21 - Z E l A f * Z l P I l l  1 HYMN6050 
Z - T 7 * Z A P l 3 l  - T6*ZAP14I  I HYMN6060 
3 + X I 1 6 R * l Z A P I I 1 l + Z A P l l O ~ l  + X f 1 6 I * l Z A P l  9 I - Z A P 1 1 2 1 1  HYMN6010 

C HYMN6080 

0 A 4 1  - 11 * I T8*1 Z E l A f * Z A P l 6 l  - ZETAR*ZAPI5 l  I HVMN6040 

740 19 * HA * P I 1 1  HYMN6090 
TI0 * HB * P I 1 1  HYMN6100 
TEMP I -GIM*W+QBARIIZI HYMN6110 

0 A1R m A I R  + T E M P * l T 9 + P l O I l  + t l Y . P O * I V I 8 + T 2 * V 5 1  HYMN6120 

A11 - A l f  + TEHP*IT lO-P1ORI HYMN6140 
AZR = AZR + V 1 6 * l T l O - P l O R l  HYMN6150 

0 A21 - I I V l 1 1 + T Z * V 3 I I R H O l f Z l  - V 1 6 ~ 1 V 3 * T Z - D U I I Z I l  l/W*PO HYMN6160 
1 -V16+ I T 9 + P 1 0 I  1 HYNN6170 
0 A4R - AbR + X I l R S P O  + X 1 4 1 W P l O I  + X I 2 1 * P l O I  HYMN6180 
0 A41 I A41 + I X I I I - O H E G Z * X I S I  )+PO - X I 3 I M P O  - X 1 4 I * P P l O R  HYMN6190 
1 - X I P I * P l O R  HYMN6200 

C HYMN6210 

c HYMN6230 

1 + X f 2 f * P l l I  + X 1 4 1 * C P l l I  HYMN6190 

~11.*rrrr~rr**++rurr~~~~~*~*~*~e~~***e*a~~*~**4*****+*~9~*~*~*~*~**+*** HYMN6220 

C S E T U P  INTEGRANDS I SIMPSON RULE HERE 1 
DO 7 5 0  I * l r  6 

G L l 2 * I - l r N O D I  A L l f l * S T  
G L 1 2 I I  rNOOI A L l I l * C T  

750 
r 

A L I I 1  = 0.0 
CON1 INUE 

GO TO l 7 8 0 ~ 7 8 0 . 7 6 0 1 *  NOD 
c 

HYMN6240 
HYMN6250 
HYMN6260 
HYMN6270 
HYMN62110 
HYMN6290 
HYMN6300 
HYMN6310 
HYMN6320 

,330 
1340 
13Y0 
,360 
,310 
1a00 
,390 
,400 
,410 
1420 
,430 
,440 
,430 

C 
C COMPLETE INTEGRATION 

00 790 I 9 1, 12 

HYMN64bO 

H Y I M 4 8 O  
IIYMNW?O 

S L A M l I l  . SLAM111 * 07J3.0 HYMN6 
7 9 0  CON1 I NUE HYMN6 

I F  I L I M I T  I GO TO 800 HYMN6 
C CALCULATE DEFECT I CONTRIBUTION OF INTEGRALS FROM Z-ZC TO L=ZE ,HYMN6 

TEMP - 2.O*W*UE H Y W 6  
SLAM1 11 = SLAM1 I1 + TEYP*PPllf*lC~-l~O~IOMEG2 HYMN6 
SLAM1 2 1  e SLAM1 2 1  + TEMP*PCllI*SC/OMEG HYMN6 
SLAM1 9 1  I SLAY1 91 + TEYP*PPlOI*lCF~l~O~/DYEG2 HYMN6 
SLAM1101 * S L A M l l O l  + TEMP*PIlOI*SF/O*EG HYMN6 
SLAM1111 I S L A M l l l l  - TEMP+PPlOR*ICF-l~OIIOnEG2 HYMN6 

1 -O.S*W.UE+l P S I * C O L E - C T M I I O ~ P I * S F  )IOI(LG HYMN6 
2 + 0.5*TZIW*UE*I P S I * S O Z E - S T A B l I O L C l ~ S F  #*SIGN HYMN6 

SLAM1121 = SLAM1121 - TEMHPP1OR*SFIOCIEG HYMN6 
1 - O.l*W*UE*l PSI+SOZE-STA8I IDZPl*SF ]*SIGN HYMN6 
2 + O.I*TZIW*UE*l P S f + C O L E + C T A B I I D ~ P l * S F  l*DYEG*SfON HYMN6 

C HYMN6 
800 G 2 l R  - A N H * S L A M l l I  + BNH*SLAMl5l  + CIU(R+SLAHl5I - CNHI*SLAHII lHYMN6 

G Z l I  - ANH+SLAM131 + B N H * S L A Y I I I  + CNMR+SLAMI71 + C W I * S L A Y I S l H Y M N ~  
OGZlR - ANH*SLAMIZI  + BNH*SLAMI6l  + CNHR*SLAM161 - CNMI*SLANlOHY#(6 
DGPlI - ANH*SLAM141 + BNH*SLAMI8I  + CNHR*SLAMl@l + CNHI*SLAMIL~HYMN6 

C HYMN6 
C THE FOLLOWING AVAILABLE BY EOUIVALENCE... HYMN6 
C GZDR IS SLAM I 9 1  HYMN6 
C GZOI IS SLAM 1 1 1 1  hyw16 
C DGZOR IS SLAM I 1 0 1  HYMN6 
C DG201 IS SLAM 1 1 2 1  HYMN4 
C HYMN6 

90 
00 
10 .. 
20 
30 
40 
50 
60 
70 
00 
90 
00 
IO 
20  
30 
40 
'50 
' 6 0  
' 7 0  
'80 
90 
100 
110 
120 
130 
140 
150 

FOR NONZERO OMEGi D I V I S I O N  BY OMEG IS I M P L I C I T  IN  ERCON. EICON. HYMN6060 
IAR. IAIr I 8 R e  IBI ARE TYPE REAL. HYMN6870 

TEMP = UE * W * Z I N G 1 2 1  HYMN6800 
0 I A R  * H l R  - DG2OR - ERCON*GZOI - EICON*GZOR HYMN6890 
1 + I I C I W l l  - C R I Y l R  I * W  + C R I Y l I  + C I * Y l R  l*W*UE HYMN6900 
0 I A I  = HI1 - DGZOI + ERCON*GZOR - EICON*GZOI HYMN6910 
1 - I I C R * Y l I  + C I * Y l R  I * W  + CR*YlR - C I * Y l I  I*W*UE HYMN6920 

I B R  = HZR + DGZlR + ERCON*G21f + EICON*GPlR + TEMP*( CI-W*CR 1 HYMN6930 
IBI HZI + D G Z I I  - ERCCWG21R + E I C O N * G I l I  - TEMP*( CR+W*CI I HYMN6940 

C 
HTO * IBR*IER + IBI*IBf 
HTR I I IAR4IER + IAI*IBf I I HTO 
HT1 * I I A I * I B R  - IAR.181 I I HTO 

THTRIIWI = HTR 
TMTIIIWI * HTI 

C 

C 

HYMN6950 
HYMN6960 
HYMN6970 
HYMN6980 
HYMN6990 
HYMN7000 
HYMN?OlO 
U I Y N ~ ~ Y ~  

I F  I .NOT. CKOUT 1 GO TO 820 H Y U n 7 o o  
WRITE 16.1501 HYMN7040 
WRITE l 6 r 1 6 O l  W I A R v  IAI n I B R  181 9 ERCON. EICON. HYMN7050 

1 GZOR. GZIRI DGPOR. DGZlR. HlR 9 HZR 9 CR HYMN7060 
2 G 2 O I 1  G 2 1 I .  0 6 2 0 1 .  O G Z l I t  HI1 * HZI . CI H Y HN 7 0 7 0 

KER * NW 
XOUTl91 * XNW 

C 

C 
I F  I HRUN ) GO TO 8 S O  

00 830 I W  * I r  NU 
X O U T l I W +  9 1  rn wc IIWI 
XOUTl IW+391 - THRIIWI 
X W T l I W + 6 9 1  THIIIW) 

830 CONTINUE 

840 IF I CKOUT 1 C A L L  PA= f 70 1 
GO TO icic~n~8401, KOUT 

HYMN7080 
HYMN7090 
HYMN7100 
HYMN71 10 
HYMN7120 
HYMN7130 
HYMN7140 
HYMN? 150 
MY MN7 160 
H Y W 7 1 1 0  
HYMN1180 
HYMN7190 
HYWN72OO 
HYMN7210 
H Y M N I f 2 0  
HYMN1290 
H Y W 1 2 4 0  
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YRIlE I61401 
YRITE 1@*Y01  I U C l I l *  TWRlllr T W l I l s  I * l r  W I 
GO TO OB0 

C 
B50 00 $60 I U  0 1r NU 

XWTIIU+ 91 I YE I I Y I  
X W T I I Y + W I  T I I T R I I Y I  
X W T l I Y * 6 ~ I  = TWTIIIYI 

060 CONTINUE 

870 I F  I CKOUT I CALL P A M  I 70 I 
GO TO l11(1r8701* KGTT 

YRITE l@rbOl 
URlTE 16.60) I U C I I I .  THRIII. T ' w l l l l c  TMTRIIIr TWI111le 

1 I . 1. NU I 
C 

CALL C A M  I TO I 
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I F  I TABLR I 
WRITE 16~201 ANHs BNHI CNHRE. C M I M  
GO TO 2 2 0  

GO TO 2 1 0  

510 WRITE 16.301 I WITfII. A V N l l 1 *  B V N I I I *  C V M R I I I .  C V N I I I I I  

2 2 0  WRITE 16.401 

230 WRITE 1 6 r 5 O I  
240 00  2 5 0  I 9 1.NER 
2 5 0  WRITE l 6 ~ 6 0 1 0 M E G A l I l r H R l I l r H I I I )  

260 I F  I HRUN I GO TO 350 

I I . 1. NWI I 

GO TO 240 

C 

DO 340 1 - I r N E R  
W = OMEGA1 I I 
GO TO N T r 1 2 7 0 ~ 2 8 0 1  

2 7 0  CALL I N 1 4  I W I T .  AVN W t  ANH I 
CALL I N 1 4  I W I T .  BVN 9 W I  BNH I 
CALL I N 1 4  I W I T $  CVNRI U t  CNHRE I 
CALL I N 1 4  I W I T .  CVNI. W v  CNHIM 1 

X s ANH - CNHIM/DEN*XLON 
Y - BNH I OEM + XLRN + CNHRE * XLON I DEN 
SQD I X i. X + Y + Y 
HTRlIl 0 I X  + MRIII + Y + HIlIl ) /SO0 
WTIIII I X  + HIIII - Y 0 M R I I I  I I SOD 
CALL OVCHK IKOOOFXI 

280 DEN - GAMMAW 

GO TO f 3 1 0 ~ 2 9 0 ) ~ K 0 0 0 f X  
290 IF ico-io.oi 34o.300.300 

3111 c - i o . ~  
300 If 11-11 330.320.330 

320 LIN.MR*6 
CALL PAGE l L 1 N 1  
WRITE 16*70l 

330 WRITE l6~6OIDOMlI~~HTRlIlrHTIlIl 
340 CONTINUE 

GO TO 370 
C 

350 DO 360 I m 1,NER 
HTIIII 9 HI111 

360 MTRIII * MRIII 
370 JWWCBI I 0 

JWEGZ-0 
IF I CD * L E *  99.0 I CALL PAGE 1601 
DO 3 9 0  I = l r N E f f  
I F  IHTRIIII 3 9 0 . 3 9 0 1 3 8 0  

GO TO 410 

I f  l ~ C i l l 4 0 O o 4 0 0 r 4 1 0  

380 J W E G l  I 

390 CONTINUE 

400 W R I T E  16$101 

GO TO 520 

IC IMTRIJII 420843OA10 

GO TO 440 

ma. -1.0 

410 00 430 J -1eOCR 

4 2 0  J W l I I  0 J 

SIEFTC H T l N T  L I S T e M 1 4  HTNT 

C HTltT 20 

C 20 SEP 67 M O O I f I E D  FOR TABULAR INJECTOR COEFf lCIENTS HTNT 40 
C HTNT 50 

SUBROUTINE D D D I O I N ~ O O U T ~ C O ~ N E R I E R R )  HTNT 10 

C PROGRAM 0 COMPUTE HTRIHTI + I N T E R # X A T E  40 POINTS HTNT 30 

LOGICAL LOGII.HRUN.TABLR HTNT 60 
C W O N  /PROLOG/ L O G I K 1 5 0 l  HTNT 70 
COMMON IABCOf I E X T R A 1 1 0 0 1 ~  ABLOK16001r A B 9 S P A C E l 3 5 5 6 I 1  MTNT 80 

1 W I T l 1 7 l ~  A V N I l ? I *  E V N l l 7 l r C V N R l 1 7 ~ *  C V N I I I 7 1  HTNT 90 
DIMENSION OINlllrDOUTl1lrAll33lrBl133lrOPIEGA~1~~HRllI~H1I1~ HTNT 100 
1~HTRl30lrMT1l30l~HTRlNTll1~HTIINTlll~ -11)  MTNT I10 
2 *DON I30 I HTNT 120 

EOUIVALENCE lLOGIKll)~~HRUNI~lLWIKllllrTABLAI MTNT 1 3 0  
EOUIVALENCE lAf11~ANHl~IAlZI~8NHl~lAl3l~C)(HREl~IAl4~~CNHIM1s HTNT 1 4 0  

l l A I 5 ) ~ G A M M A l ~ l A l 6 1 ~ X L R N I ~ l A l 7 ~ ~ X L D ) ( l r l A l 9 l o X ~ I r l A l l D l ~ O ~ G A l ~  HTNT 150 
2 1 A I 4 O l ~ H R ) ~ l A l T O l r H I l ~ l ~ l 9 ~ ~ O N W l ~ l ~ l l O ~ e ~ G A l ~ ~ B l S l ~ ~ H T R ~ N T l ~  HTNT 160 
3lEl921~MTIINTI v I OMEGA. DOLI I HTMT 170 

I ! "  FORMAT I 21HO INPUT TO PROGRAM 0 / I  1 0 X I H  G U I I A  0 C8.4.5XIHLRIN W T M T  190 
1 F12.8. 5 X L H L T I N  - F12.8 I WTNT 2 0 0  

2 f  FORMAT I 18X3HANMl2X3HBNHllK6+KNH RE 9 X 6 K N H  IM I/ 9X 4f15.7 I /  I WTNT 210 
30 FORMAT f / I  38H INJECTOR DISTRI8UTION COEFfICIEN1S.e. I /  HINT 2 2 0  

Il?X5HOLIEGA l l X 3 H A N H  lZX3HBNH l l X 6 + K l * I  RE 9 X 6 W N H  IM / I  19X5f l5 .7I IMTNT 230 
4( 'ORMAT I lMO. ~ P X I ~ H O R E G A I C I . ~ X ~ M  M R i l 3 X 3 H  I41 I HTNT 240 
l r  'ORMAT l l H 0 ~ 1 9 X 1  IHOMEGAlC1,9X3MMTR 13X3MMTI I HTNT 210 
6r. bORMATl lH r l O X i W l 6 . 6 1  HTNT 260 
1 P  FORMAT I l l 4 0  * 2 0 H  PROGRAM D OUTPUT / I  I~XI IHODIEGAICI  9X HTNT 270 

HTNT 280 I 6 H  HTR r lOX.6H H T I  / I  I 

I INTEREST- WILL PROCEED TO NEXT CASE)) MTNT 100 
90 FORMAT1//,30X*69H FOLLOWING W I L C  B€ INTERPOLATION WITHIN HTR MTIHTMT 310 

1 TABLE GIVEN ABOVE ) HINT 320 
100 FORMAT 119X*OH OMEGA . 9 X 6 ~ T R f N T ~ l O X . 6 H H T I I N T  I WTNT 330 
-10 FDRMAT l l 1 X ~ f l O ~ 5 ~ 1 0 X ~ f 1 O ~ 5 r l O X ~ f l O ~ ~ l  HTNT 340 

HTNT 350 
Z > i t  0.0 HTNT 360 

I d  HTNT 370 . I D K H K  I K O O O f X I  HTNT 310 
' t a  . 3 0  1 ~ 1 . 1 3 3  HTNT 390 

* * A , -  r i l N l I I  HTNT 400 
130 Btll*0.0 HTNT 410 

NER*ICIXlXMWI HTNT 420 
I F  LNER I 1 4 0  s 140 9 1 6 0  HINT 430 

?40  WRITE 16.15OlNER HTNT 440 
5 0  r tRMAT : l W * l O X . 3 1 H  NUMBER Of OLIEGAS IN ERROR I r3X.14 I H I N T  4 5 0  

HTNT 460 
1 6 0  I f l N E R - 2 9 1 1 7 0 ~ 1 7 0 ~ 1 4 0  HTMT 470 
170 ONW - 40.0 HTNT 410 

NUT AI8l + 0.01 HTNT 500 
I C  I NWI .GT. 2 I to TO 180 HINT 510 
ASSIGN 280 TO NT HTNT 520 
TABLR .FALSE. HTNT 5SO 
ANU - AVN I 1  1 HTNT 540 
BNH - BVM Ill HTNT 950 
CNMRE - CVNRI 1 I HTNT 560 
CNWIM = C V N I I l l  HTNT 570 
GO TO 190 HTNT 500 

180 ASSIGN 270 TO WT HINT 5 9 0  
TABLR - .TRUE. HTNT 600 

190 I f l C O - Q 9 ~ O l 2 6 O ~ Z 6 0 ~ 2 O O  HINT 610 
200 CALL PAGE I 60 I HTNT 620 

WRITE 1 6 r 1 0 l  G A M A .  XLRN. XLON HTNT 630 
HTNT 640 IF I HRLM I 60 TO 230 
HTMT 650 
HTNT 660 
HTNT 670 
HTNT 610 
HTNT 690 
HTNT 700 
HTNT 710 
HTNT 720 
HTNT 710 
HTNT 740 
WTNT 750 
HTNT 760 
HTNT 770 
HTNT 710 
HTNT 790 
HTNT BOO 
HTNT 810 
HTNT 820 
HTNT 030 
HTNT I 4 0  
HTNT 850 

WTNT 170 
HTNT 880 
HTNT 190 
HTNT 900 
HTNT 910 
HTNT 920 
HTNT 9 3 0  
HTNT 940 
HTNT 950 
HTNT 960 
HTNT 910 
HTNT 980 
HTNT 990 
HTNTlOOO 
MTNT1010 
H l N T l 0 2 0  
HTNTlO30  
HTNTIOLO 
HTNT1050 
HTNTl060 
H T N T l O b 5  
HTNT1070 
HTNTlO8O 
HT N 11 090 
HTNTl  1 00 
H T N T l l l O  
H T N T l 1 2 0  
H T N T I I J O  

H I N T I l W  
H l N T l l 6 0  
M T R T l l 7 O  
W T I T l l l O  
Y T R T l l P O  

C MINT 180 

a0 FJWAT IPIMOALL VALUES OF HTR ARE NEGATIVE- 1 I.L. OUT OF RAW ~ T N T  290 

GO TO 1110 

l i  2 H l U N  ) Go TO I90 nrmi +JO 

HTNT 160 

~ T N T I  140 
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430 

440 

450 
4bO 

4TO 

490 

so0 

s10 
520 

hmo 
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NTRIL 1.0.0 
DONIL t.0.O 
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C A  

sn 

S T 0  
T I X  
LXA 
S T Z +  
T I X  
A X T  
SXD 
CLA 
TNZ 

SIBMAP *ADMIN 
GLAUZ - ADAM5 METHOD OF INTEGRATION 

* FAP T O  MAP CONVERSION HAZLETTI DEC 1 9 6 3  9 FORTRAN 4 PATTERSON JUL 
ENTRY ADMSET 
ENTRY ADMINT 
ENTRY ADMCOR 
ENTRY AOMPAR 
ENTRY ADMRES 

CLA* 314 
S T A  BZ N TO ADD OF EZ 
ALS 2 4 N  
S T A  E P l 8  SAVE 4 l r  SET FLAG FOR RETURN 
ADD4 3 .4  +N 
S T A  CF 5N 
ADO 7.4 CUT I N  
ADD I )P l l l  +4N 
STA CC PUT I N  D I F F  TABLE LOC 
CLA 4.4 F FUNCTION LOCATION 
AOD* 3.4 +N 
S T A  LF FUNCTION VALUE LOC 
CLA 5.4 D E R I V  LOC 
AOD* 3.4 +N 
STA L O  O E R l V  VALUE LOC 
CLA 6.4 P A R T I A L  STEP L M  
ADD* 3.4 +N 
S T A  CP P A R T I A L  STEP LOC 
CLA 7.4 
ADO* 3 . 4  +N 
STA L G  
ADD* 3.4 +N 
S T A  CA ACCURACY EXPONENT LOC 
ADD+ 3 9 4  +N 
STA CK 
ADD+ 3.4 
STA CO 
C i A  1.4 
i T I  CX I LOC 
icrl 914 
' f 4  CH H LOC 
<LA 10.4 
ADO? 3.4 +N 
STA CD ACCURACV INPUT TABLE 
TRL. RP20 

A?MRES SAVE 1 
STZ B P I 8  

B P 2 0  STZ F L A G  
LXA 82.4 +N 

..I* ~ 0 3 7 7 0 0 0 0 0 0 0 0 0  
TNL *+2 TEST FOR 0 ACCURACY INPUT 
CLA - 0 1 5 2 0 0 0 0 0 0 0 0 0  ACCURACY SET. +152 
ADD -0022600000000 

ACCURACY EXPONET e4 

+ 5 N  
D I F F  TABLE.1 

anUCFT SAVF 1 

TEST VALUE LM. 7.4 UAS PUT 

OLD FCN. LOC. 

f 9  CLI. +.4 ACCURACV INCUT-4 

RZ 
BP2 
<. K 

BF 

- x  
CH 

CF 
C B  

c c  
: c 

' (1 

CCM 
CM 

DA 
co 

L F  

RETURN 
RETURN 
PZE 
F W E  
CLA 
TNZ 
RETURN 
A X 1  
CLA* 
STO 
T I X  
A X T  
5 X A  
'di 

:LA 
F A 0  
STO* 
REPUR 
SXA 
5 X A  
SXA 
LXA 
A X T  
A X T  
S T Z  
LDO 
FMP 
FAD 
S T 0  
T X  I 
T I X  
I Y T  
I no 
F H P I  
FAD 
LRS 
FMP. 
5Tr) 
FAD* 
STO. 
T I X  
A X T  
A X T  
A X 1  
TRA 
S I V F  
( L A  
1 . F  

STD 
1 X 4  
CLA* 
S T 0  
T 1 X  

' X 9  
T CX 
L XA 
CAL 
ANA 

'N 

~~ 

+ r 4  
CD.4.l 
CF.1 
cc 
R P s l r l  
5.1 
CNT.1 
B P l l l  
E P 1 9  
ADMRES 
ADMSET 

FLAG 
B Z  
ADM 1 NT 
+.4 
L F  
+14 
B P 2 r 4 . 1  
COEFP.4 
co.4 
COMP.4 
+ 

cx 
ADMINT 
I R l t l  
1 R 7 . 7  
IR4.4 
02.4 
+.l 
5.2 
TEMP 
+.1 
+ r 2  
TEMP 
TEMP 
E P 3  1 *-1 
CC.2.1 
0.2 
+ * 4  
co 
TEMP 
35 
CH 
4. t 4  
CK 
LF 
C R . 4 r l  
+14 
+ r 2  
+*l 
1 .4  
1.2  
F L A G  
F I R S T  
T T  
RL.4 
L G  
+.4 
DA.4.1 
COCFC e 4 
co.4 
CDYP.4 
EZ e 4  
+ 9 4  

* 0 3 7 7 0 0 0 0 0 0 0 6 0  

+N 
FUNCTION r 4  
OLD FUNCTIONv4 

PREO TABLE LOC 

X 
H 
STORE IN X 

N TO I N  4 
J N  I N  1 

D l F F  TABLE31 
COEF.2 

NEXT D l F F  
NEXT COEF 

O E R I V * 4  
COEF.2 

H 

0 TO DECR TT 
N I N  4 
TEST VALUE.4 
PREDICTOR TEST VALUE.4 

CORRECTOR TADLE LOC 

N TO I# 4 
FUNC T I ON I) 4 
KEEP EXP ONLY 

.V 64 

I N  

*AM0010 
*AD110020 
QAOMOD30 
+ADMOD40 
+AM0050 
+ A M 0 0 6 0  
* A M 0 0 7 0  
*AM0080 
*AM0090 
QADMOlOO 
*ADMOllO 
*ADYO12 0 
*AM10130 
+ A M 0 1 4 0  
* A W O I S O  
+AM10160 
*ADMOl70 
* A M 0 1 1 0  
+AM10190 
*AM0200 
*ADMDZlO 

+AM0230 
*AM0240 
*AM0250 
*AM0260 
+ADM0270 
*AM0210 
* A M 0 2 9 0  
* A M 0 3 0 0  
*AM10310 
+AM0320 
rAWO330 
*AW0340 
*ADM0350 
*AD110360 
* A M 0 3 7 0  
*AW038D 
+AM0390 
+AOMO400 
+ADM0410 
*AM0420 
+ A M 0 4 3 0  
*AM0440 
*AM0450 
*AW0460 
*ADM0470 
* A M 0 4 8 0  
*AOY0490 
*AM0506 

**OM0520 
*AM0530 
+AM0540 

+AM0560 
* A M 0 5 7 0  
*AM0580 
* A M 0 5 9 0  
+AOM0600 
*AM0610 
*AM0620 
I A D M 0 6 3 0  
*ADYO640 
*AM0650 
*AM0660 
*AM0670 
*ADM0610 
*ADYO690 
* A M 0 7 0 0  
+ A M 0 7 1 0  
* A M 0 7 2 0  
* A M 0 7 3 0  
+AOM0740 
*AOMO750 
* A M  07 60 
* A M 0 7 7 0  
* A M 0 7 8 0  
* A M 0 7 9 0  
+AM0800 
*ADMOO IO 
+AoMO82 0 
*AWO83O 
* A M 0 8 4 0  
*ADYO050 
* A M  08 60 
*ADYO870 
*ADMOO80 
*AD110890 
+ADM0900 
*ADYO910 
*ADYO920 
'AWO930 
*ADM0940 
*ADYO990 
+ADM0960 
* A M 0 9 7 0  
*ADM0980 
*ADM0990 
*ADMI000  
*ADM1010 
*AOM 102 0 
*ADM1030 
*ADMlOSO 
~ A D M l O 5 0  
*ADMI 0 60 
OADM1070 

* A M 1 0 9 0  
.AOM1100 
" A D M l l  IO 
*ADMI 12 0 
*ADM1130 
* A M 1  140 
+ADM1150 
+ADMI160 
*ADMI170 
* A M 1 1 8 0  
*ADW1190 
+AMIZW 
*ABM1210 

4 ~ ~ 0 2 2 0  

*AD*O~IO 

* A M O ~ ~ D  

4 ~ ~ 1 0 e 0  
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B r 4  

DE 

BC6 
BC5 
LC 

cw 

CNT 

BC? 
BC8 

TT 

WT 
WALV 

SUB 
UCA* 
UfS. 
SSC 
U?A* 
ANA 
TZL 
SXO 
ANA 
TNZ 
11x 
LXA 
LXO 
TXL 
1 x 1  
sxo 
LXA 
A X 1  
LDO. 
CLI. 
STO. 
f1D. 
LRS 
TXH 
L W  
1 x 1  
T I X  
T I X  
TXL 
AUT 
SXA 
I SI 

?e 
ST(NI 
TSX 
TRA 

f IRST BTL 
S I A  
LXA 
LXA 

BPlO CIA* 
S?W 
TX I 

I C 1  TIX 
1111 A X 1  

TRA 
MAT L I A  

SUA 
TU ART 

A X 1  
TV Sua 

T X I  
DP11 STZ 
T X  LfJW 
TV CUP 

vu 
STO 
TX I 

D P l 2  TXI 
B P I 4  T I X  
TU T X I  
TZ STW 

LXO 
T I X  
T I X  

IR4N AXT 

SXA 
T U  
A X 1  
SXA 
SUA 
A X 1  
A X 1  

CPC CLA 
STO 
1x1 

B C l T  T I X  
AXT 
SXA 
AUT 
SXA 
A X 1  
SIA 

CM 
cx 
CM 
T m L  
CM 
IR2.4 
Df 
P L M  
1IIf.I 
BZ.4 
CP.1 
LO 
cc 
*.ltl.-¶ 
I*lO*Srl 
*.l 
07. 
Cf.1 
IRM.4 
4 14 
1 t 2  
TU.4 
0P11rl*-l 
TIM? 
cc 
**Z 
T* 
Tern 
BPlSrlt-1 
0*14*2*-1 
TX .4r I  
TL. lr*  
cc 
TU.4 
T V v 4 r l  
TW.lrl 
* * 4  
1 e+ 

W C T  CXC 
TCST VALUS** 
M L  VC - M L  I C  

W 
2.8 

W V I M  T U L E  

AVOIDS SN TO IN1 
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TPBL 

THAL 

TOIL 
TEMP 
TEMPA 
TEMPO 

FLAG PLE 
DEC 
DEC 
OCT 
DEC 
OC? 

COECP DCC 
OCT 
OCT 
DEC 
OCT 
DEC 

COEFC OCT 
DEC 
DEC 
DEC 
OCC 
DEC 
DPC 
DEC 
DCC 
DEC 
DEC 
OEC 
DEC 
DFC 
DEC 
DFC 
OCC 

DEC 
DEC 
DFC 
DEC 
OEC 
DEC 
DEC 
DEC 
DEC 
OEC 
DCC 
DCC 
BSS 
SYN 
5YN 
END 

nFc 
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1. 
.5 
177652525253 
,375 
177544764477 
0. 
200515405541 
17646bO26603 
e0680555556 
173660166027 
0. 
177444764477 
.00833333333 
.Ob25 
a152777778 
,125 
.04164b6667 
.166666667 
e166666667 
*166666667 
.2s 
.'I 
a 1 2 5  
,0625 
10390625 

25 
e 1 2 5  
0181 25 

e 1 7 5  
,09875 
a0625 
2. 
-1 .  
0 
0 
4. 
-4. 
1. 
8. 
-12. 
16. 
11 
TEMP+b 
TEMP+lO 

1 
1 1 2  
.41bbbbbbb7 5 /12  
318 
.3484111111 251 l 7 Z O  

.bS1388819 4691720 
e151388189 1091720 

491720 
e026388189 19/72O 
.W 
~ S 4 B b l l l l l  2511720 

6 1  720 
451720 11/16 
1101720 
90/720 -1/8 
1124 
116 
116 
116 
114 

+AOM2430 
*ADM2440 
fAOM24IO 
*AOM2440 
+*DM2470 
*AOU2&80 
*ADM249O 
*ADM25OO 
*AW2510 
rADM2520 
rADM2530 
**DM2440 
*A0112450 
*AOM2460 
**DM2570 
'ADH2580 
*AOWZ590 
+AOM2b00 
*10*2610 
*AD112620 
*ADY2630 
*ADM2640 
*AD112650 
*AM2660  
+ADMI470 
+AMIZb8D 
fAOM2690 
*ADM2?00 
*ADM2710 
.ADM272D 
*AMI2130 
*ADM2740 
*ADMZI~O 
*AOM2?bO 
*AM42770 
*AMI2780 
CADM2790 
*ADMZOW 
+ADMZ110 

*ADMZUYO 
*ADM2140 
*ADPI2140 
*ADY2860 
*AOM2870 
+ADM2880 

4 ~ ~ ~ 2 8 2 0  
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LOGICAL 
COWOW 

1 9  
2 9  
3 9  
4 .  
5 *  
6 s  
? *  
8 .  
9 r  

COMMON 
1 
2 r  
s *  
4 .  
5 *  
b r  
7 .  
a *  
9 .  

1 
2 s  
3 *  
4 9  
! I *  

COMUM 

c m  

r 

RCC 
VP 
A 
A M  
PKN 
WTl 
RITA2 
XI 
A80 

D102 
I5 
B9 
CWlR 
Of 
O? 
€1 
Wl 
J 

T I  
XIOR 

ZI 
xmcw 

C 

C 
C 
C 

C 
C 
C 

C 
C 
C 
C 

C 
C 
C 

C 
C 
C 

GO TO 115O~llOr110l~MOESlR 

RAC 0 O l N l 5 l  
110 RAT 0 01N141 

NOZM 450 
NOZM 4b0 
NOLM 4 7 0  
NOZM 4.0 

NOZM 500 
NOLM 510 

mzm 490 

)(om $20 mzn 530 
mzn 440 

mzm 560 
NOZM 550 

NOZM 570 
NOZM 500 
NOLM 590 
mzm mo 
nom &io  
mzm bzo 
NOZM b30 
NOZM b40 
NOZM b40 
NOZN bb0 
NOZM b70 
NOZN 680 
NOZM 690 
NOZM 700 
NOLM ?lo 
NOZM 120 
NOW 7 3 0  
NOZM 740 
NOZM 150 
WZM 1bO 
NOLN 110 
NOZM 780 
NOZM 790 
NOZM 100 
NOZU 810 
NOZM 820 
NOZR 830 
NOZM 840 
NOLM 850 
NOZM 060 
NOLN 0?0 
NOZM 080 
EIOZM E90 
MOZM 900 
NOZM 910 
NOZU 920 
W Z M  930 
NOLM 940 
W Z M  950 
NOLM 960 
ROLM 970 
MOZM 900 
NOLM 990 
NOZM1000 
NOzw1010 
NOZM1020 
NOZY1030 
NOZMlo40 
NOZMl050 
NOLMlObO 
ROZMlOTO 
NOZM1080 
l lOZMlOt0  
NOZM1100 

NOZMll20 
NOZUIl~O 
WWLM1140 
NOLMI 1 50 
NOZM1140 
noLMll?O 
ROLMllOO 
~ x * 1 ¶ 9 0  
m2w1200 

mmii 1 o 
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260 
C 

1 1 1  

310 

" I .  

NOLNl2~0 
NOLM1290 
YOLHI300 

NOZM1350 
NOZNlY60  
M Z Y  137 0 

!a 
!C 
0 
a 
' 0  
0 

0 
0 

1 

a 

a 

! I  
!1 
!I 
1 
1 
'1 
1 
1 
1 

b10 
110 
:90 
00 
'10 
'2 0 
'3 0 
'40  
'50 
'60 
'TO 
b10 
' 90  
IW 
110 

130 
I*O 
150 
IbO 
170 
180 
190 
1W 
11 0 
120 
'30 
4 0  
'YO 
'60 
'7 0 
YO 
190 
100 
110 
120 
130 
140 
150 
160 
170 
1110 
190 
00 
10 
20 
YO 
40 
so 
60 
70 
10 
9 0  
no 

I*O 

NOLM2250 
WOLW260 
NOZM2270 
NOLN2280 
NOLMZ290 
NOLY2300 
NOZM23 10 
N02M2¶20 
NOLN2330 
NOLM2340 
NOLM2350 
NOLM2360 
NOLM2370 
NOZM2Y10 
NOZMZY90 
NOZW2400 
NOLM1410 
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HOLM2420 
NOZM2430 
NO2112440 
NOLMZ450 
NOZM2460 
MOZM2470 
HOZM2480 
NOZMZ490 
NOLMZ500 
HOLM2510 
MOZM2520 
HOLM2530 
i(OLY2540 
M02M2550 
MOZU2560 
NOLM257O 
NOZM2580 
MOLY2990 
H02M2600 
MOLMZIIO 
NOZMZLZO 
NOZM2630 
NOLMZb40 
MOZMZb50 
NO2M2660 
)102MZb70 
NOZM2680 
NOZMZ690 
MOLY2700 
NOZM27 IO 
NOLM2720 

GO TO 10 
500 CALL AOWARIXNEWI 

'30 
'40 
150 
'60 
'70 
'80 
' 90  
100 
110 
120 
130 
140 
150 
160 
170 
180 

NOtM2890  
NO2112900 
WOLM2910 
NOLY2920 
NOLMZ930 
NOZM2940 
NOZMZ950 
WOLM2960 
MOLM2970 
NOLM2980 
I IOLM299d 

!l 
!l 1, 

! I  
! I  
! I  
! I  ,a 
!I 
!I 
!I 
a 

NOLM308O 

MOLM31 00 
NOLM3110 
MCLM3120 
)(02*3130 
NOLt43140 
MOLM3150 
NOLM3160 
NO2MJ170 
NO2113180 
M02M3190 
WZM32W 
NOLM3210 
NO7.M) 22 0 
MOZM3230 
MOL19240 
#02#3250 
MOLY3260 
ROLM9270 

Moz*33oo 
NOZll3310 
MOLM3320 
MOLY3330 
NOLM3340 
NOLM33SO 
NOLM3360 
MOOLM3970 
MOZM33OO 
NOLU3390 
MOLM34OO 
NOLU3410 
i(OLM3420 

PIOMLU3440 
MOLM3450 
MOL1rl460 
NOZM3470 

~ 0 z n 3 0 9 0  

MOZM~ZOO 
N O L M ~ Z ~ O  

no L w 31 4 3 o 
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4 1 1  , rC I1  r C I l r 4  
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SI8PTC VELPOT L I S T v y 1 4  VELP 

VELP 10 
C T I L C A L  SMROUTlNE CALCULATES XX VS W T 8 L  CROM )(OLZLE GEQETRV Y E L P  20 5 SIMPSONS RULE IS USE0 WITH KN INPUT DO0 AND C H A W 0  TO KN/2+1 I N  D I l N * V E L P  30 

VELP 40 
VELP SO 
YELP 60 

SUIIROVTINE TSLCAL 

LOOICAL L W I K 9  S L l .  S L Z *  EOIJ . 
C o m o ( l  /PROLOG/ L M i I K l 5 O l *  S L l a  SL29 E-J 

r 

AMP2 
01 
K 
SALFA 
2.21 
I A B C W I  

810 
86 
811 
C I 1  
02 
08 
ER 

A n  

0 
9 

I 

t . 
I . 
* . 
* . . . 

C A L t A  
02 
nn 
11 
zza 
A L C W I  
01 
87 
OR1 
CRI 
D 3  
09 
C3 1 

K l y l  
RSTA2 
XK 
A I 0  

8102 
85 
a9 
C n I R  
01 
07 
E l  

J 
ni  

20 

30 
40 

50 

I /  1222- 

XK SORTlOl*RAT/RCT~ 
PRO0 2~O*XK*OELPL/S+O 
DO 110 J 0 1 e N l t Z  
TI 9 S O I T ~ U 2 T I ) L I J I I  
12 0 S O l l l U 2 T 8 L ( J 4 o l l l  
13 S O R T I U l t B L I J + 2 ) I  
XINT 0 X l l T  + CROD*ITl+Be 
K e X * l  
X X I I O  -XINT/RAT 
U 2 T B L I K - I I  U Z T R L I J I  

110 C O l T l N U E  
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.zz1 I 

VELP 70 
VELP 80 
VELP 9 0  
VELP 100 
VELC 110 
VELP 120 
VELP 130 
VELP 140 
VELP 150 
VELP 160 
VELP 170 
VELP 180 
VELP 190 
VELP 2 0 0  
YELP 210 
VELP 220 
VELP 2 3 0  
VELP 2 4 0  
VELP 250 
VELP 260 
VELP 270 
VELP 280 
VELP 290 
VELP SO0 
VLLP 310 
VELP 320 
VLLC 330 
M L P  3b0 
VELP 350 
YELP 360 
W L P  370 
VELP 380 
VELP 3 9 0  
M L P  400 
M L P  410 
VLLP 4 2 0  
VCLP 4 3 0  
M L C  4 4 0  
VCLP 4 5 0  
VELP 460 
VCLP 4 7 0  
VELC 4#0 
YELP 490 
VCLP 100 
M L P  510 
VSLP 520 
W L P  5 3 0  
YELP 540 
VELP 550 
VELP 560 
YELP 570 
VELP 5 8 0  
VELP 5 9 0  
VELP 600 
VELP 610 
VELP 620 
VELP by0 
VELP 640 
VELP 650 
VELP b60 
VELP 670 
VELC 680 
VLTLP 690 
VELP 700 
VELP 710 
VELP 720 
VELP n o  
VELP 740 
YELP 750 
VELP 760 
YELP 770 
YELP 180 
VELP 7 9 0  
VELP 800 
VELP 810 
VELP 820 
VELC 890 
YELP 8 4 0  
VELP 850 
VELP 860 
VEL* 870 
VELP 880 
VELP 8 9 0  
VELP 900 
VELP 9 1 0  
VELP 9 2 0  
VELP 930 
YELP 940 
VELP 950 
VELP 960 
VELP 9 7 0  
VELP 9 8 0  
VELP 9 9 0  
VELPlOOO 
W L C l O l O  
VELP1020 
VELP1030 
VELPlObO 
YELP1090 
VELPlObO 
VELP1070 
V E L C l O I O  
VELP1090 
V E L P l l O O  
V E L P l l l O  
V E L P l l Z O  
V E L P l 1 3 0  
V C L P I l 4 O  
VELC115B 
VELC 1190 
V E L P l l l O  
V E L P l l  00 
V E L P l l J O  
V E L C 1 2 W  
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UZTOLIIO 0 UZTIILIKYI v n c i  I i o  
CI*.....U. y(IL*lII@ 

RCTURl VcLc1230 
V L L ~ l Z * O  EN0 
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SI0FTC LWGIT LISTvM94 I ON6 
I ONG 10 
IllNG I l l  

SUBRWIINE LONGL 

CALL PbGE 16nl  
NlNC 10 
€IN = 1.QE-4 
CALL IN14 I 015lLllI. O I S T M I l ) ~  ELCUo ED151 I 
CALC INTGR I 0.01 ELCU. X *  NlNC I 

CALL INTGS I UOFXi SUMClr €IN* MlNC I 
X X  * 1.0 - SUMMIIEOIST+ELCHI 
ULO ULM I SOUNO 
WRITE i 6 . 3 0 1 ~ 1 ~ ~ ~ .  GINMA. ZL .  nx. IJLM 
W R I T E  16.2nI 
UI BARZmUI B A R * l J I  R A R  
T 1 0 A R ~ 1 . O - . 5 ~ I G A M I ( A - l ~ O l ~ U l R A R 2  
ClBAR.SQRTITIBAP1 
Z E T A l 0 ~ l ~ O / l T I 0 A R - G A ~ M A * l l I O A R 5 ~ 1 ~ K - ~ ~ 0 1 l  
A S T A R * 2 ~ O * C 1 0 A R / I C l B A R * 1 2 - v l R 1 4 Q 2 I  

CALL INT4 I OISTL111* OISTMllI. K UOPX I 

50 NOMEG = E X T R A I Z Z I  + ,001 
IJ I NWEG-1 
KK 8 1 
I K  = % * I J  + 1 
DO 60 J = 1. I J  

O M G f # K l  = W l J l  

KK = KU+I 
00 60 1 * 1,  4 

OMGIKK1 I OMGIKK-11 t DF, 1 
KK . K K  + 1 

DQT - n.i?~lWl~+ll-~lJII 
60 CONTINUE 

OMGIKKI . YlNOMEGl 
PO TO KK * l r  IK 

CALL IN14 I AMITIII, L M l 1 1 3 1 1 ~  OMOlKKlr ALFRIKKI I 
CALL IN14 I AMI'Tlll~ AHITl611~ OMGIKKI. ALFIIKKI 1 

TO CONTINUE 
00 130 1 1 .  IK 

OMFGL+IASl I .1 I 
ALCRE.IA011~21 
ALPIM.TAB( 1.31 
OEY0~lCl0AR-Ul0AR~ALPRFl+*Z+UlBAR2~ALPI~~ALP~M 
0RE~lCIBAR~ClBAR-U1BAR2* lALPREI ILPR€+ALPlM~AL?lMl l /OEN0 
0 I M ~ Z ~ O + C l R A R ~ U l B A R ~ L L P l M I D E N 0  
UL=IJLO-ZK4XX 
ZElAL*ZETAlB*UIBAR/UL 
A * 2 ~ O ~ L E T A l B + U l B L R I G A ~ A ~ ~ K I O M € G A  
B ~ ~ l B A R I G A ~ A * U l R A R 2 I G I M ~ A  
C~2.O~UlBAR~CIRIR/GAMMA 
O~l~O+LETAL+ZK/OHl'Cil 
PMl9OYEOA~ASTAR~I~.O-KXI 
TUETA~I.OSOMEGA*XX 
SINPWI.SINIPHII 
COSPHl=COSlPHI) 
SINTW.SINITUETAI 
COSTU=COSl THETA1 
CR~l~O+0RE+COSPHI-01M~SINPHl 
Cl~0lW*COSPUl+BRE~SINPHl 
OR~l~Q-BRE+COSPUI+B1MOS~NPUl 
01. -BlM*COSPH1-BRE*~lNPHI 
ER-1.O-COSTH 
€ 1 -  SINTH 
FR.l.O+COS7tI 
F I .-S I NlU 
CAPI~lFRIGAU~Al~lUlBAR*CR-Cl~AR~ORl-lFIIGAYUAl*IUlRA~+CI 

l + I D ~ B - U l R A R ~ A ~ ~ I E R * C R - E I . C I I * I ~ l ~ A R ~ A - C b D l ~ l E R + 8 1 - F I . D I  
C A P J ~ I F I I G A ~ M A I ~ I U 1 B A R ~ C R - C l B A R ~ O R l + l F R / G A ~ A ~ ~ l U ~ B A R * C l  

~ + I D ~ B - U ~ ~ A R ~ A ~ ~ ~ E R ~ C ~ + € ~ O C R ~ + ~ C ~ ~ A R ~ A - C ~ O ~ ~ ~ ~ R ~ ~ ~ + € ~ ~ ~ R I  
CAPKaFRI (B*CR-C*DR I-F I * I  B*CI-C*OI 1 
CAPL-FI*lB*CR-C*ORI +FRrlK*CI-C*DIl 
OENMN*CAPKWAPK*CAPL.C*PL 
C I P U I l C A P N ~ C b P l * C A P L * C b P J l / D F N Y U  
CAPN.lCAPK*CAPJ-CAP1 *CAP1 IIDFN'4N 
5E-UL+GAH~A+l1.O*ZFTkl-ZFT~IR~ 
T ~ . 5 D I C A P M 6 C A P H * C A P N O C A P N l / ~ A P ' 4  
ZN=TISE 
COSOD.I.O-CAPMIT 
SIN00 - CAPN I1 
OMDEL ATANISINODICOSODI 
IF ISINOO) 80.110~110 

80 IF ICOSODI 100~100.90 
90 OMDEL~b.Z0310~~+OMD€L 

IF I I .EO. 51 .OR. I .EG. io1 I CALC PAGE I bo 

GO TO I X i  
100 DMDEL.i;i41392T+fflDEL 

110 IF ICOTOOI 100.12n.12n 
120 DELTA=OMDEL/OYEGI 

GO T O  120 

C NON-OlMEWSIONALIZEO RESULTS 
TAUMS - O E L T A I E L C U / S ~ l l N D s ~ l . 3 3 ~ ~ ~ ~  
FREO = O Y E G A ~ S O U N O I E L t U ~ 1 2 . 0 ~ ' ~ ~ ~ ~ ~ 1 8 5 3  
WRITE I6.101 FRFOI DMEGPt TAUMi. I N  

RETURN 
130 CONTINUE 

CND 

. .  
L O ~ G  7 :n 

I PN,' 750 
LONG 740 

-C10AP*OIlLONG 090 

lONi 9;i; 
LONG qon 

I ~ N :  s7n 
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C NTAU 
CONST*COUTI lG1l  NTAU 
X N Y I N ~ 1 0 0 0 . 0  NTAU 
CALL P A O L l 7 0 l  NTAU 
CALL OVCUK IKOOOCXI NTAU 

10 00 10 1.1.133 NTAU 
A I 1 1  IFINIII NTAU 

NCR.ICIXIONWI NTAU 

ICICF-W.Ol70.70*3O I T A U  

WRITE lbr40 l  NTAU 

l / / 1 9 X ~ 8 Y l O E O A l O ~ 9 X ~ b ~ T R I N l ~ l O X ~ b ~ l I l T l  NTAU 

20 lllIl.0.0 111 W 

XNY.OYU ?#TAU 

30 CALL PAGE 1441 I T  w 
40 CORMAT iinomjn PROGRAM r INPUT ~DLVE POR NIYI AND TAUIUI NTAU 

00 50 I * l r * O  NTAU 
50 Y R I T E  lbrLOlOYGAlIl~HTRIN1lIl~ Y l I I N T l I I  NTW 
b0 CORMATI lM ~ 1 0 X 1 W l b . b l  NTAU 
10 C O N T I W E  NTAU 

00 120 I -1,417 NTAU 
XNlIl~lYTRINTlIl~MTRINTlIl + YTIIITlll~TIlNTlllI~l2~8~TRIN7lIll NTAU 
O N O  r X N l 1 1  - WTRINTI1I *TAU 
CALL WAD l D Y ( W ~ Y T I I N T I I l ~ T A U I I I l  NTW 
T A U l I I ~ l T A U l I l ~ A l l l ~ 1 3 ~ 3 ~ 3 3 ~ 3 l 1 I A l ~ l ~ A l I l l  NTAU 

C A l l l * L ~ A l 2 l = C O  NTAU 
OXIII=OMGAIII NTIU 
C A L L  OVCYK IKOOOFXI NTAU 

GO TO l 8 O ~ 9 O l ~ K O O O f X  RTAU 
80 N E W 0  I T A U  

GO TO 2 a O  NTAU 
90 IClXNlIll120~120~100 NTAU 

100 l C I x N l I l - x M I N l  110.1201120 NTAU 
110 xlmtN-xN11) NTAU 

1NIN.1 *TAU 
120 COYTII(UC MTAU 

w 150 1.1e100 I T A U  
130 COUTIII = B I I I  RlAU 

IC I CC-*.O I 180el10.140 NTAU 
140 CALL PAGE 1 5 5 1  NTAU 

YRITC IbelSOl RTAU 
150 C o I I M T l 1 N 0 ~ 2 d n  CIOORUI F OUTPUT I / 2 l X ~ T ~ C l C C ~ l ~ l $ X ~ 8 M l ~ A l O ~  NTAU 

1 1 J X r 7 Y T W I M S l r l b X ~ l M I  I NTAU 
W 110 I*lr*O I T A U  
C c C C S l I l ~ e o N S 1 4 X ~ I l  I T  MI 

1bO W R f l C  lb~l7OlCCCPSlIl~OXlIl~TAUlIlrXRIIl RTAU 
170 COIMATl21X~f7.1 1 l l X ~ F l O ~ 5 ~ 1 O X * C l O ~ 5 ~ t O X ~ ~ ~ ~ ~ 5 l  ?#TAU 
180 w i 1 1 m i i 4 i i  I 0.0 NTAU 

YTR1NTl411.0.0 NTAU 
XNI4ll.O.O NTW 
WXl4l I *O.0 NTAU 
CCCCSI4lI*P.O NTW 

1 9 0  C O R M A T f U X ~ S ( I l * I ~ ~ l O ~ 5 r / 3 b X ~ ~ T A U l ~ l ~ ~ f l O ~ ~ e ~ ~ X ~ 9 ~ f ~ ~ ~ D ~ ~ ~ l R T ~  
l O ~ Y r / 3 b X ~ @ W T C l C C I l ~ . F 1 O I 1 1 )  NTAU 
00 200 I *le40 NTAU 

200 CALL I N T 4 D l O X l 1 l ~ X N l l l ~ ~ X l I l ~ S A V I o T ~ I ~ C U l 1 l l  NTAU 
XNNcwl4ll=O.o NTAU 

CALL I N l 4 l X N N C Y l l l ~ W X I 1 l . O . O I D O I I * l  NT AU 

CALL INT4lFCCCSl1l~MTRINTlll~~CMIN~~Rll NTAU 
CALL I N T 4 1 ~ C C P S l l l ~ ~ I I N T l l l ~ F C N I N ~ ~ I l l  NTAU 
~ ~ ~ I ~ = I W ~ R ~ ~ ~ ~ R ~ + H T I ~ ~ Y ~ I ~ I ~ I ~ . O ~ ~ ~ ~ I  NTAU 
ONOY.WTR*IN-WTRl NTAU 
CALL WADI D m o b l ~ Y T  I1 *TAUMINI  NTW 
T A W I N * l T A U M I N ~ A f l l ~ O 3 ~ 3 ~ 3 S 9 3 l ~ l A l Z I ~ I N l  NTNJ 
CALL CAGE 181 NTAU 
Y R I T E  l6~2101 NTAU 

210 CORUATl/ /ZlX.48Y T M  CbLLWING AIL VALUES INTIRWLATCD A T  SLOPE OCNTAU 
NTAU 
111 AU 
NTAU 

FCUIN=CONST~OOIWIN wau 

S I B F T C  WAOR LIST.M94 
SUBRWTINE W A O  fA(rErAM(LEt 
w i n )  i0~5o.00 

10 I F I A I  20~30.40 
20 ROTATE 9 3.1415927 

GO TO 110 
30 A W E  i-4.7123890 

40 ROTATE 9 b.2031853 

50 I F  ( A I  b0.70+70 
b0 A N I X E  9.1414927 

GO TO I20 

ao JO 110 

GO TO 1213 
70 ANGLE 0.0 

GO TO 120 
10 ICIAI 20*90*100 
90 ANGLE 1 e S 7 0 7 9 6 3  

GO TO 120 
100 ROTATE 0 0.0 

120 RETURN 
EN0 

110 ANGLE * ATANI8 ) IA I  + ROTATK 

SIBF7C K a t  L I S T r M I 4  
SU1ROUTINC COREIX~RICODCI 
OIMCNSIQW X I 1 1  
I F l C O D C - 5 0 0 ~ O I 4 0 ~ 1 O r 1 0  

CALL CAOCl7Ol 
WRITE (be201 

20 FORMATf10Xv37MINPUT DATA 
Y R I T E  l b r 3 O l l X l I l ~ I ~ l e N l  

30 C O R U A T O X ~ l O I C l O ~ 4 ~ 2 X l l  
40 RLTURN 

Ern 

10 C ~ . 1 W . O  

f OR PIOIRAM C A I L I E R  

10 
20 
30 
40 
50 
b0 
70 
80 
*O 

loo 
110 
120 
130 
140 
1 so 
180 
110 
100 
I 90 
206 
210 
220 
250 
240 
250 
ZbO 
270 
280 
290 
3 00 
510 
9 2 0  
390 
Nd 
**e 
110 
510 
500 
390 
406 
410 
420 
430 
b40 
490 
bb0 
410 
4a0 
410 
500 
510 
520 
530 
540 
550 
5b0 
510 
980 
590 
b00 
b10 
(10 
b90 
b40 
b50 
bb0 
b10 
180 
b*O 
700 
T10 
720 
750 
740 
150 
7b0 
110 
780 
?*O 

NTAU 800 

WAD 
WAD 10 
W A D  20 
WAD 30 
WAD 40 
WAD 50 
WAD b0 
WAD 70 
WAD 80 
W A O  90 
WAD 100 
W A O  110 
WAO 120 
W A O  130 
W A O  140 
W A D  I50 
WAD 1bO 
W A D  170 
WAD 180 
WAD 190 
W A O  200 
W A O  210 

XORC 
KORE 10 
KORC 20 
KORC 30 
KORE 40 
KORC SO 
IORC b0 

I /  I KORC 70 
K M C  10  
KORC 90 
K O l t  100 
KORC 110 
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SORI G I N  ALOOE.R€W 

SINCLUOE JECTOR 

SIEFTC I N J  L I S T r M 9 4  I N J  
SUBROUTINE INJCTR I N J  10 

COMMON /PROLOG/ L O G l K l 3 O l r  MEADIlZI* SL1. 5 L 2 r  EORJ I N J  30 
COMMON IJECTOR/ EJDATAI 9 6 0 0 )  I N J  40 

EQUIVALENCE I L O G I K I 9 I ~ E R U N I  I L O G I K I I O I ~ J R W  I P I L O G I K l 9 1 . I R U N I I N J  60 

OIMENSION MEADlll21 I N J  8 0  

I F  I S L 1  1 GO TO 20 I N J  100 
DO 1 0  I * I t  9 6 0 0  I N J  I10 

IO E J D A T A I I I  0.0 I N J  120 
S L 1  8 .TRUE. I N J  130 
GO TO 30 I N J  140 

20  READ 1191 EJDATA I N J  160 
BACKqPLCE 1 3  1NJ I'fO 

'30 CALL AS1111 I EJDATA. M E A O I i  NE 1 I N J  180 
I ?  I NE .NE. 1 1 CALL E X I T  I N J  190 

I N J  1 9 5  Y R l T E  1131 EJDATA 
BACUSPACE 13 I N J  196 
I F  1 .NOT. JRUN I GO TO 40 I N J  200 
CALL JJJ I N J  210 

40 I F  I €RUN .OR. IRUN I CALL I N J D l S  I N J  220 
C I N J  230 

50 RElURN ' M I  240 
END 1 N J  250 

c ' ( 1  7 0  

C I N J  50 

LOGICAL L O G l K i  €RUN. JRUNr SL1. SLZe EORJ, IRUN INJ 7 0  

C I N J  90 

C I N J  150 

SIRFTC JECT L I S T * u 9 4  
SUBROUTINE JJJ 

JECT 
JFCT 10 

C JECT 20 
C *HI*=***** DECK M O D l F l E O  20 AUG 67 ..H.H*+***H++**** J E C l  30 
C JECf 40 

DIMENSION TMETIt1450)~ 11114501. TMUllDOOl JECT 50 
OIMEMSION N~LEllOOOlrXl1W0l~VllO~iiNTVPE~llOOO~~RlZ2~JECT 60 
1~TMETAll42I~ASI2O~~YTEIlOOOI~AAIXIlD(#~~AA~l1DDOI~ll~NDllOOOlrXMREIJEC~ JECT 00 70 
2 1 0 6 0 1 ~ X U T O T l 2 0 1 ~ A K T V l 2 O O ~ ~ L F f V l 2 O O l ~ X X l l O O O l ~ V V l l O O O ~  

COYYON IJECTCJRI DATA I 9 6 0 0 1  JECT 90 
C JCCT 130 

EQUIVALENCE I D A T A I Y I . X M I ~  l D A T A I 4 l . X Y I  JFCT 140 
EQUIVILENCE I D A T A l 1 0 2 1 ~ ~ T M E T 1 I ~ l D I T A l ~ 4 7 I ~ ~ R l l r l ~ A T A l ~ ~ Z l l ~ T Y ~ I ~  JECT I50 
E W I V I L E M C E  lNTVP~E~DATAl2O01Il~lCXTYrDA7Ill~lll~1ACTV~DATAl120l~JFCf 160 

I l r  ~ D A T A l 1 9 2 1 ~ ~ X X I ~ l D A T A I 2 9 2 1 l ~ V V ~ ~ l D A T A l 4 9 ~ l ~ r X Y ~ l T O T l  JECT 110 
r 1FTT IbC 

1'30 ROTATE - 0.0 

160 I F  I X I 1 1  1 
IS0 X I 1 1  * 1tOE-15 

ROTATE - 0.0 
1bO SAVE 9 SWT I XIIl*Xl 

S A V E ~ S O R T I X I I I ~ X I I I + ~  
V l l l ~ l A T I N l V l l l / K l l l l  
X l l l - S A V E  
U W + L  

GO T O  160 

170 CONTINUF 
GO TD ??n 

1001150.130 

l + Y l l l w l I l  1 
I I * V I  I I I 
+ROTATE 
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-.. - . 
JFCT 200 
JECT 210 
JECT 220 
JFCT 2 3 0  
J E C l  240 
JECI 250 
JCCI 260 

JFCT 280 
JCCT 2.0 
JFCT 300 
IFCT 311, 
11 7 3 2 0  
l i i T  330 
01,'l 340 

JECT 350 
l e C T  760 
1ECT 370 
JFCT 3hY 
JFCT 3 9 0  
. J E I T  403 

l F C 1  420 
IFCT 430 
JI I L b I .  

.JECI 270 

ircr 410 

I t -  I c r n  
!!' r r 6 c  

, I  < I 4uO 
i L r T  4 9 0  

JEf.1 300 
J E C I  510 
JFCT 520 
JECT S j C  
JECT 540 
JFCT 5 %  
JECT 560 
JFCT 5 7 0  
J L C l  580 
JECT 5 9 0  
x : 1  ?.% 

J I C l  610 
JFCT 620 
JECT 630 
.lFCT bb0 
JFCT 650 
JECT 660 
JECT 670 
.ICCT 600 
JECT 690 
J E C I  7 0 0  
JTCT 7 1 0  
( f (1  7:'n 
l l i l  ' f30 

JLCT 740 
JECT 750 
JFCT 160 
JECT 170 
JFCT 7 8 0  
JECT I 9 0  
.IECT 000 
JECT 410 
JECT a20 
JECT 030 

J f C 1  4 7 0  

i F r T  840 
I n-, , 

1FCI ?, ? 
li:' 011' 
I F C T  nnc 
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JECT 090 
JECT 900 

180 I F l S E C T - 1 ~ O l 1 9 0 * 1 9 0 ~ Z O O  

JECT 910 
190 ROTATE*OaO 
200 00 210 I-lrNE 

JECT 920 
JECT 930 

KK*K+l 
N E L E I I I ~ O A T A l K K l + ~ O O O l  
X l I l = D A T A l K K + l l  JECT 940 
Y I I l ~ l O A T A l K K + 2 l 4 ~ O l ? 4 5 3 ~ l + ~ O ~ ~ ~ ~  JECT 9 5 0  
N ~ Y P E E l I l ~ O A T A l K K * 3 l + ~ O O O l  JECT 960 

JECT 9 7 0  
JECT 900 

K=K+4 
210 CONTINUE 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCJECT 990 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCJECTlOlO 
2 2 0  NN-4944 J E C T I O I O  

00 280 I m l r N T  J E C T 1 0 3 0  
KK-NN+l JECTlObO 
N S T ~ O A T A I K K I + ~ 0 O O 1  JECTlO5O 
KKl.KK+l JECTlObO 
J J * K K l  JECTIOTO 
N X ~ O A T A I K K 1 ~ + . 0 0 0 1  J E C 1 1 0 1 0  
AXTYINSTI-0.0 JEC11090 
I F l N X l 2 3 O r 2 5 O e 2 3 0  J E C T l 1 0 0  

230 00 240 JX-IvMX J E C l 1 1 1 0  
J J - K K l + J X  J L C T l l Z O  
A X T Y l M S T l ~ A X l Y l N S T ~ + l ~ ? 8 5 3 ~ l + l O A T A l J ~ l * D A T A l J J l l l  J E C T l l J O  

2 4 0  CONTINUE J E C T 1 1 4 0  
2 5 0  N N l = J J + l  J E C T l l 5 0  

NN.NNl J E C T l l b O  
N C ~ D A T A I R N 1 l + ~ 0 0 0 1  J E C l l l l O  
A C T Y O ( S T I * O ~ O  J E C T l l O O  

260 00 270 J?rlr#F J e C T l Z W  
NN-NNl+JF J E C T l Z l O  

J E C T 1 2 2 0  A~TIlNSTI~AFlYlNSTl+l~?85398l*lDATAlNNl*DATAl~Nlll 
J E C T l Z 3 O  
J E C T l Z 4 O  
J E C T l Z 5 0  
J C C T l I b O  J E C 1 1 2 1 0  

JECTlZOO 
J E C T l Z 9 O  
J E C T Z S W  
J E C T l 3 l O  
A C T 1 3 2 0  
J E C T 1 3 3 0  

AXTOT=AXTOI+SECT J E C T l 3 4 0  
AFTOl-AFTOT4SECT J E C T l 3  50 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC~CC~CCCCCCCCCCCCCCCCCJECTl3bO 
C CALCULATING R10II AN0 ANGLE B O W M I E S  JCC11Y10 
cccccccccrccrcccrrrcr~rcccrrrrrcrcrrrcrrcrcccccrcccccccccrcccrcrcccrrrcr~cii~ao 

300 NPTS=18O.O/SECl J c C T 1 3 9 0  
TPS-NPTS J E C T l 4 0 0  

XCT1410 DELTII=TWCNL/TPS 
AREA - 3.141592 * R1NJ.V J C C 1 1 4 2 0  
ASECT AREA/IXM*XNl . J E C T l 4 3 O  
I t 1 1  . 0.0 N C T l 4 4 O  

J E C l 1 4 5 0  
JEC114bO 
JECT1410 
JECT1400 
J C C T l 4 9 0  R122l = 0.0 

xnuM-o.o J e C 1 1 I ~  
N P T S l - W T S + l  JECTISIO 
00 320 J-Z.WPTS1 J E C T l 5 Z O  
XNU*=XNU*+l.O JECTl53O 
THE1AIJ l=t ICLTW+XWR J E C 1 1 5 4 0  

320 CONTINUE J E C T 1 5 5 0  
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCJCCTlIbO 
C C A L C U L A l I N 6  WEIWT FLOW J E C T l 5 T O  
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCJECTl~OO 

J E C T 1 5 9 0  WFTloWT/lXMR+l~OI 
WXtl.YI-WFT1 JECTlbOO 
WFTZoNFTl  J E C T l b 1 0  
wXt2-wXT1 J E C T l b Z O  
I C l P F F C 1 3 4 0 ~ 3 4 0 ~ 3 3 0  J E C T l b S O  

330 W F T 2 ~ N F T l 4 l l ~ O - P f F C l  J E C T l b b O  
3 4 0  I F I P X F C I 3 6 0 ~ 3 6 0 r 3 5 0  J E C T l b 5 O  

J E C T l b b O  350 W X T 2 ~ W X T l ~ l 1 . O - P X F C l  
360 S I ~ E N ~ W T / I 3 . 1 4 1 5 9 Z O R I N J * R ! N J l  J E C T l b I O  
310 AXTMAX~AXTDT J E C T l b b O  

J E C T l b 9 0  CXTMIN-AXTOT 
AFTMAX-AFT01 J E C l l T W  
AFTMIN-AFT01 J E C T I T I O  

380 AFFC=O.O J E C T l l Z O  
AXCC.O.0 J E C T l 7 3 O  

J E C T l 1 4 0  I F l  OFFCI 400*400r390 
390 AFFC-FFC4.78539~4OCFCIDrCC J E C T l 1 5 O  

CFTMIN-AFTMIN-A?PC J E C T l 1 6 0  
J E C T 1 1 7 0  AFTMAX-AFTYAX-AFPC 

400 I F l D X F C 1 4 2 0 ~ 4 2 0 r 4 1 0  N C T l 1 O O  
4 1 0  AXFC.XFC..I8539I.OXFCsDXCC J E C T l 1 9 O  

AXTMIN-AXTMIM-AXFC RCT1800 
AXTMAXIAXTMAX-AXFC J E C T l O 1 0  

5 2 0  AXWOW~~AXTUAX+AXTMINl/2~0 N C T l 1 Z O  
J E C T l 8 3 O  A C I ( O L I ~ t A F T M A X + A F I M I N l / Z ~ O  

I F ~ t I F F C + D X ~ C l 4 4 0 ~ ~ 0 ~ 4 3 0  JECT1840 
430 W X T Z - I Y X T 2 4 A X M m l / l A K N ~ + A X F C l  J E C T l O 5 0  

W F 1 2 ~ l N C T 2 r A F l ( b L I I / ~ A ~ N ~ + A F f C l  JECTI a60 
4 4 0  XMRl-WXl2/WFT2 J E C T I 8 T O  
450 ETOF-0.0 JECTlOOO 

E1FF.O.O J E C T l 8 9 O  
QX-NXTZ/AXTOT JECT1900 

J E C T l 9 1 0  OC~WCTZ/A?TOT 
C A L L  DVCHK IKOOOFXI J C C T 1 9 2 0  

J E C T 1 9 4 0  460 DO 480 IalrME 
N8ANDIII*O J C C T l 9 5 0  
W F E I ~ A A F I I ~ ~ O F  J E C T l 9 6 0  
WKCII .AAXl f l rOX JCCIl 910 
WJEI I I ~ W C E l + W X E l  J E C T l 9 0 0  
X U R L I I l ~ N X E l I N P E l  J E C T l P 9 0  
ElOf*ETOF+WXEl JECTZOOO 
C T F F ~ E T C C + W f E l  JECTZOlO 
CALL OVCHK IKOOOFXI JCCTZOZO 

GO TO 1410r480I1KOOOFX J L C T 2 0 3 0  
410 NIANO(I I . - l  JCCTZQIO 
480 C m i i n u E  R C 1 2 0 5 O  

ETOF=SECT+EYOC JECTZObO 
ETFFmSECt4KTFC J E C 1 2 0 1 0  
wMMLR~CToP/C1PF JECTZOlO 
AXXTP~AXTBT+AXPC JtCTZO1)O 
APPYT*APTOl+ACFC J C C T Z I  00 

c CALCULATING AREAS or ELEMENTS J C C T l O W  

I P I N F I Z 6 0 ~ 2 1 0 ~ 2 6 0  J c c T 1 1 m  

Page 96 

IXTOT*AXTOT+AAXII l  
A C T O T * A F T O T + A A ~ I l I  

290 C O N T I N W  

AM;.. ASECT * 180.0 I 3.141592 
DO 310 I 2 e 2 1  
RII) - SORT I AMP + RII-ll**2l 

310 CONTINUE 



,.in 

. 0:. 

510 

5 2 0  

030 

540 

$SO 

BLO 

170 

%EO 
5 9 0  
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WFEl*WfEI+B 
CON1 INUE 
W T O l l ~ W X E l 4 U F E l  
I F l W C E 1 I 6 6 O ~ b 5 O r b 6 0  
WRITE f6~9OOiAXYAX~ACMAlrU?OTl  
GO ro 670 
XMRI*UXEI/UFCI 
WRITE l 6 r O 9 O l A X ~ A X ~ A C M A X ~ W T O T l ~ X Y I l  
CONTINUE 
REA0 11)) 04TA 
BACKSPCCE 13 
LINKMT * 0 
AJ.5 XY*X(O/Wl 
00 700 J I.N€ 
T M U I J I  YTEIJIOAJS 
I F  I L I N K N T  .Gl. 01 GO 90 690 
C A L L  PAGE(7Ol  
WRITE l6 r910 l  
WRITE 16~9301 
L I N K N T  - 50 
WRITE16*0101 JI P I J 1 .  V I J I I  T M U I J I  
L I N I N 1  = L I N I N 1  - 1 
CON1 INUE 
DO 705 I a 11 ME 

X X I I I  E X I I I  
V Y I I I  . V I 1 1  

WRITE 1 1 3 1  OATA 
DACXSPACE 19 
XMUMAXwO.0 
A J S  - AJSeSECTIXN 
00 790 J.lrZO 
mrw-0.0 

I+ I ’ ,  I I 
IFT I ?  120 
EClZA30 
1 c c 1 2 1 4 0  
IECT215O 
JECT?160 

J E C 1 2 1 7 0  
J E C T Z l 8 0  
JEC12190 JECTZZOO 

JECT2210 
JCC12220 
ICCT2?30 
JFC12240 
JFCl2250 
JECT2260 
JEC72270 
JECT22EO 
J E C T 2 2 9 0  
JECTZ300 
J E C T 2 3 1 0  
JFCl232O 
JECT2310 
JcCTZ*40  

sJcCTZY%3 
J E C T 2 3 6 0  JECT2970 

JECT2SIO 
JECTZ390 
J E C T 2 4 0 0  
JEC124 10 
JCCTZCZO 
JtCT2430 
J e C T 2 4 4 0  
JECTZ4%l 
JEClZ460 
J € C T 2 4 7 0  
JtCT2400 
X C 7 2 4 9 0  
JECT2SOO 
JCCT2SlO 
JECTISZO 
J€C72530 
JECTZ540 
JECTZSSO 
JECT256O 
JECT2570 
JECTZIEO 
JeC12590 
J E C T Z 6 0 0  
J E C T I 6 1 0  
J E C T 2 6 2 0  
JECT2630 
J E C T i L 4 O  
JeCT2650 
J E C T 2 6 6 0  
K C T Z 6 7 0  
JECT2L.O 
J E C T Z I 9 0  
JECT2700 
J E C T S T l O  
JCC7ZT20 
JECT2TYO 
JECT21CO 
JECTZT10 
N C T Z T 6 O  
JECT2TTO 
JECTZ780 
JECT2790 
X C T 2 E W  
J e C T l l I O  
JECTZEZO 
J E C T 2 I 3 0  
J E C T Z l 4 0  
J E C T 2 I 1 0  
J E C T Z I L O  J E C T 2 I 7 0  

JECTZEBO 
J L C T 2 I 9 O  
J € C T Z ~ O O  
J E C T 2 9 1 0  
JECTZ920 
J E C T Z 9 3 0  
JECTZ940 
JECTP.50 
J E C 1 2 9 6 0  
JEC11970 
J E C 1 2 9 I 0  
J E C 1 2 9 9 0  
J E C T 3 0 0 0  
JEC13010 
JECTYOZO 
J E C 1 3 0 3 0  
J E C 1 3 0 4 0  
JECTYO50 
JECTSO60 
JECT9070 
JECTYO8O 
J E C T 3 0 9 0  

J E C T l l l O  
JECTYlZO 
J E C T Y I 3 0  
J E C T 3 1 4 0  
J F C l 3 1 5 O  
J E C T f l 6 0  
J E C l Y 1 7 0  
JECTPIEO 
J E C l 3 1 9 0  
J E C l J 2 O O  
J E C 1 3 2 1 0  
H C T 3 2 2 0  
JECTY2ZZ 
J E C T 3 2 2 4  
J E C T 3 2 2 5  
J E C T 3 Z W  
JECT974O 
J F C T 3 7 W  
J F C T 3 2 6 0  
J C C T 3 2 7 0  
J E C T 3 2 I O  

b C 1 3 1 0  
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J E C T 3 2 9 0  
J E C T 3 3 0 0  

X X X  D XXV I ASECT 
J"J 
00 710 I = l r N E  J E C T 3 3 1 0  
I F  ( x ( I l  .LE. R l J + 1 1  .AND. X I 1 1  .GT. RIJII TOTW TOTW + W T E f I l  

J E C T 3 3 3 0  JECT3320 
XMUTOTfJI  I TOTW*AJS JECT334O 
IFfXUUTOTIJI-XMUHAXl730~730~~20 JECT33 50 

7 1 0  CONTINUE 

770 XMUUAX-XUUTOTlJl 
7 3 0  CONTINUE 

CALL PAGE( 7 0 1  
W R I T E  (6 .7901 
DO 7 4 0  J * l * Z O  
XXUAXIXMUTOT(JIIXUUMAX 
WRITE f6t7JOJRIJ+lI~XMUTOTfJlrXXUAX 

JECTJ36O 
JECT3370 
JECT33BO 
JECT9390 
J E C 7 3 4 0 0  
JECT3410 
J E C T 3 4 2 0  
J E C T 3 4 3 0  740 CONTINUE JECT344O 

0 F O R M A T ~ ~ Z X ~ F ~ . ~ . ~ ~ X I F ~ . ~ ~ ~ ~ X ~ F ~ ~ ~ I  JECT34SO 
3 FORUATfII~5Xi28HA....PROPELLENT ORFICE AREAS.II.9X.34MELEMENT TOTAJECT3460 
1L O X I D I Z E R  AREA r.Fl1.8.8H SO. IN.*15X.3OHELEMENT TOTAL FUEL J E C T 3 4 7 0  
2AREA r.Fl1.8.8H SO. I N . r l . 9 X ~ 3 4 H T O T A L  O X I D I Z E R  F I L M  COOLING AJECT3580 
?REA i r F I 1 . 8 r O H  SQ.  I Y . ~ l 5 X s 3 0 H T O T A L  FUEL F I L U  COOLING AREA ..Fll.OJECT3490 
&.en 53. I N . ~ I v ~ X ~ ~ ~ H I N J E C T W  TOTAL OXJOILER AREA =*Fll.( lr8H SQJECT3500 
5. IN..15X130HINJECTOR TOTAL FUFL AREA r.Fl1.8.8H SO. IN..I/.5XJECT3510 
6154HE....INJECTOR PRESSURE DROPS FOR AEOVE INJECTOR OESIGN.I/.9X* J E C T 3 5 2 0  
724HOXIOIZER PRESSURE DROP = . F ~ . ~ . ~ H P S I ~ ~ ~ X I Z O H F U E L  PRESSURE DROP .JECT3530 
8*F6.1<4H PSI~I/I,SX.71HC....PROPELLANT FLOWS AND INJECTOR V E L O C I T I J E C T 3 5 4 0  
9ES FOR AEOVE INJECTOR O E S I G N v I I  JECT355O 

0 FORUAT11.48X~I9HTOTAL WEIGHT FLOW .i.F6.1*7H L B I S L C ~ I . 4 Z X ~ 3 9 H A V E R A G J E C T 3 5 6 0  
1E MIXTURE RATIO OF THE ELEUENTS -rF7.3./.41X.*O~VERALL MIXTURt  RAJECT3SlO 
2 1 1 0  FOR THE INJECTOR l iF7.3. I I r9X.34HELEMENT TOTAL O X I D I X E R  FLOW JECT358O 
3 * * F b . l + 7 H  L B I S E C I Z I X I ~ ~ H E L E U E N T  TOTAL FUEL FLW -rF6.1*7H L B I J E C T 3 5 9 0  
45EC.I.9X.34HTOTAL O X I D I Z E R  F I L M  COOLING FLOW =a?b.l.?H L E I S E C ~ Z I X . J E C T 3 6 0 0  
526HTOTAL FUEL F l L U  COOLING -.F6.lr7M LBISEC.1.9X~34HIMJECTOR TOTAJECT3610 
6 L  OXIDIZER FLOW =.F6.1*7H L E I S E C ~ Z I X ~ 2 ~ H I N J E C T O R  TOTAL FUEL F L J E C T 3 6 2 0  
70U=.F7+1e7H LBISEC.I.9X.37HDXIDILER OVERALL INJECTIOW VELOCITY . rFJFCT3630 
86r1.7H F T I S E C I ~ E X . ~ ~ H F U E L  OVERALL I N J E C T I O N  VELOCITY =.F6.1.7H F T I J E C T 3 6 4 0  

RETURN 

o<c.--, I I I F C ~ ~ ~ O  - - . - - . - I ._.., , . 
l Y 7  F O R M A T I ~ X . ~ ~ H F U E L  LOSS C O E F F l C I E N l  -.F5.3r/r9X.Z7HPERCEWT ?VEL f I L J E C l 3 6 6 0  

14 COOLING *,F~.I.,.~XIY~HPERCCNT OXIDIZER C l L M  COOLING -.F9.1./.9XJCC13670 
2,38HOIAMETER OF FUEL F I L M  COOLING ORFICE -9F7.5.7SIi IN. ( N O T E ~ . T H I J E C T 3 6 8 0  
35 UlGHT BE AN EQUIVALENT D I W E T E R  FOR MULTIPLE-RW CWLINGleI .9X.JECT3690 
442HDIAMETER OF O X I D I Z E R  F l L U  COOLING ORFICE -.F7.S*21H I &  (SEE AEJECT3700 
5OVE NOTEI./r9X*5lHNUMBER OF FUEL F I L M  COOLING O R I F I C E S  PER I N J E C T O J E C T 3 l l O  
6R r.FS.O.I.PX~54HNUMBER OF OXIOIZER F I L M  COOLING ORFICES PER I N J E C J E C T 3 7 2 0  
?TOR = . F S . O I ~ . ~ X ~ I ~ H D X I D I Z E R  DENSITY ..r7.Z*4H PCF.I.9X.14HFUEL OENJECT3730 
BSITY 1.~6.i.1.n PCF.IIII J E C T 3 7 4 0  

7 9 0  F O R M A T f I I I I ~ 3 X ~ l 1 4 H S E C T l O N  &..RESULTANT FLOW D I S T R I B U T I O N  I W )  A S  JECT3750 
I A  FUNCTION OF ONLY THE RADIUS. 1.E.. AVERAGE OF LN I N  A RADIAL BANJECT3160 
20.  l / / r 3 2 X ~ 6 H R A O I U S ~ 1 5 X . S H H U o r l l X . l l n Y U I R ~ M A ~ ~ ~ I ~ 3 4 ~ ~ 3 H I N J E C T 3 l 7 O  
3 . r I I l  J E C T 3 7 1 0  

BOO F O R U A T f l 3 X ~ 1 3 ~ 1 8 X ~ I 2 ~ 4 X ~ 4 l l O X ~ F l O ~ S l l  JECT3190 
810 FORMATII/.ZX. 49HSECTION 2s.e. ELEMENT LOCATION AN0 INJECTION TVPEJECT3OOO 

l ~ / / / ~ l l X ,  7HELEMENT,ISX* ~ H T Y P E . ~ ~ X ~ I H R . I ? X I  5HTHETA~17XrlHX~I9X~lJECTYOlO 
2 H Y v 1 * 1 3 X 1  3HNO.rI8Xr 3HNO.rl4Xe 8 H I l N C H E S l r l Z X *  OH(DEGREEI.12X. 8HJECT3020 
3IINCHESI~12X~BHIINCHESl~II) J E C 1 3 8 3 0  

821) F O R M A T f l l l r 3 X .  74HSECTI.ON l....UISCELLINEOUS INFORMATIDW FOR I N J E C J E C T 3 8 4 0  
ITOR DESIGNED RY PROJECTS r /  I J E C T 3 8 5 0  

0 3 C  FORMATIII.5X. 46HD..e...INPUT INFORMATION USED I N  COMPUTATIONS . I J E C T 3 0 6 0  
1 / * 9 X .  23HTOTAL DROPELLENT FLOU =vF6.1.7H L E I S E C i I r 9 X .  59HTOTAL NUUJECT3070 
ZBER OF ELEMENT TYPES (SYUMETRICAL SECTION ONLVI v I l r l . 9 X .  5 4 H l O T J E C T 3 0 0 0  
3AL NUMBER OF ELEMENTS ISYMUETRICAL S E C T I W  ONLY) * *14./.9Xv 27HOXJECT3090 
4 l O I Z E R  LOSS COEFFICIENT ~ 9 F 5 . 3 9 )  J E C T 3 9 0 0  

840 FORUAT(I I .ZXI  78HSECTION 3....TYPE O E S C R I P T I O N ~ O R I F I C E  AREA. PROPEJCCTI910 
ILLANT FLOW, AND MIXTURE RATIO. / / r3X.  84HTYPE e-------- O X I D I Z E R  JECT3920 
2 O R I F l C E  DATA -----e*------- -- FUEL O R I F I C E  DATA ------- * r / / r 9 3 X 1 J E C T 3 9 3 0  
3 5HTOTAL.SXv SHTOTAL.5X. 5WTOTAL.4X. ? H U I X T U R E . / ~ ~ Z X I  6HWM8ER.34XJECT3940 
I.* 6HNUHBER.33X. ~ H O X I O I Z E R I ~ X .  ~ H F U E L I ~ X * ~ O H P R O P E L L E N T ~ ~ X .  5HRATIOJECT3950 
5 * / . 1 4 X * Z H O F ~ S X ~  8HDIAUETER.4X. ~ H A R E A ~ ~ X I  CHFLOY.~X*~HOF.SXI 8 H Q I A J E C T 3 9 6 0  
bMETER.4.X. 4HAREA*6X* 4HFLOU.6X. 4HAREA.6X. ~ H A R E A ~ ~ X I  9HFLOV R A T E I J E C T ~ ~ ~ ~  
?I*lIX* 7HORIFICE.6X.3HIN..5X. 7H5Q. IN..4X* LHLBISEC.~XI  BHORIFICEJECT3980 
8 5 1 5 x 9  3HIN..4X* 7HS3. IN.*4X* 6HLEISECv3X.  7HSQ. IN..3X. 7HSO. IN.JEC13990 
9.4X. 6HLBISEC./ / . I  JECT4000 

850 FORUAT(3X.13s7X.IZI J E C T 4 0 1 0  
860 F O R U A T ~ ~ ~ X . F L . L . ~ X I F ~ . ~ . ~ X * F ~ . ~ I  J E C T 4 0 2 0  
870 FORUAlf  5CX.12 I JEC 1403 0 
880 F O R U A T ( ~ ~ X I F ~ . C ~ ~ X . F ~ . ~ ~ ~ X ~ F ~ . ~ I  JECT4040 
0 9 s  F O R U A T ( ~ ~ X ~ F ~ . S I Z X I F ~ . ~ ~ ~ X . F B . ~ ~ ~ X ~ ~ ~ . ~ ~  JECT405O 
90G F D R M A T ~ 9 1 X ~ F B ~ S ~ Z X ~ F 8 ~ 5 ~ Z X ~ F 8 ~ 3 ~ 2 X ~ 8 H I N F l N I T Y ~  JECT4ObO 
910 FORMAT ( I I / I O X l 5 H E L E M E N T  RESULTS I JECT4070 

JECT4080 920 FORMAT f 3 2 X 1 5 ~ 1 1 X F 1 0 ~ 3 ~ 1 0 X F l O ~ 4 ~ l l X F 1 0 ~ 4  I 
9 3 0  FORMAT ~I13l~7HELEMENT14X6HRADIUSl5X5HANGLEllXl2HOlSTRI8UTfON~9OX J E C T 4 0 9 0  

lIlWCOEFFICIENT134X3H~0~3SX7HRAOIANSI5X2HMU// I J E C T 4 1 0 0  
EN0 JECT4110 
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SIBCTC I N J D S  LlSlaM94 I N J n  

C ***44*4***** DECK MODIFIEO 20 AUG 61 W.Wee.H*OO.*8**ObO ' I N J O  30 
C I N J O  4 0  

RLAL I W r l M , I P T ~ I N T E O * I P X  INJO 50 
INTCOER DSCRBi T I M E  INJD 60 
LOOICAL LOOIKe S L l e  SLZ* EORJI I N N  I N J D  70  
C o m O N  /PROLOO/ L O G I K I S O I r  S L l r  SL2v EOAJ I N J O  0 0  
COYDM /JECTOR/ DATA I 9 6 0 0 1  INJO 90 
C- GAMMA, MY, WCa AVN. BVNe CVNR* C V N I s  CE9 C I  I N J D  I10 
OlKeNSlON I N J O  I20 

1 U IIOOOIr AVN I 301s BUN I 9010 CVNR I 3 0 1 r  I N J O  130 
2 C V k I  I 301, RR 11OOOle T M T A  IlOOOIo FIRST I 3011 l N J 0  140 
3 SECOND1 301s Z I ZI* WC I 301, I U J O  150 

INJO 160 4 l P P l 5 O l r  O P P l 5 O I r  I P R I S O I s  QpR1301~ 1PTl3O!r O P l O O I .  
5 x l10001* Y l10OOl I N J D  I f 0  

E W I V A L E N C E  I IRUND L O G I K l 9 l  I *  INJD 180 
1 ( E l  ~DATAllIlv I X M  *DATAI)III lNJ0 I 9 0  
Z I X N  s O A l A l 4 ) l r l V  ~ O A T A I 6 I I ~ I S V N  *OATAIlIIr I N J O  200 
3 (PO0 ~ O A T A l 1 1 I l ~  I21 ~DATbll5lli INJO 210 
4 IRIS XI D A T A l l 9 2 1 1  I ~ I T M A T A e  V r  OAlAl29Zlllt I N J D  220 
5 I U  rOATAl3921~lo I N J O  2 3 0  
b (ICP ~OATAIZOIIr I N J D  240 
1 IOPP ~ D A T A I ? O I I ~ I I P R  r O A T A l l l O ~ l ~  IOPR ~ D A T A l 1 1 0 1 I ~  I N J D  250 
$ I I P T  ~OATA122Oll~lOPT r D A T A l 2 I O l l ~ l T F L P ~ D A T A l 9 5 9 ~ l l r  I N J O  260 
9 lTFLR~OATAl959?l~rl?~LT~OATAl959~~l I N J O  270 

C I N J D  2 8 0  
10 F W A T  l / / l Z X 3 O ~ R E S U L T S  Of OESCRlBI l lO fUyCI1oY I /  23XlOHELEMENT I N J D  290 

1 LIWRAOIUS4X5~ANGLE~XlOHFRACTlONAL /13X3HOIEGA'IX3HNO)rlX3H 7X3MRAOlNJO 300 
2 4X9H~LOW-RATPlOX2HFPlZXZHFRl2XZ~T I /  I I N J D  3 1 0  

I N J O  920 20 FORNAT I 1 0 X F 9 ~ 4 ~ I 9 ~ F 1 1 ~ 3 ~ ~ 1 0 ~ 4 ~ F 1 1 ~ ~ ~ 2 X 3 ~ 1 4 ~ ~  I 
SO FORMAT I / /  12X4lHRESULTS OF INJCCTION D I S T R I B U T l O N  EFFECTS / I  I N J O  3 3 0  

I43X5HOyEGA6X~HAVN0X1HBVN7X3HCVklX3HCVN / 4OXfl6X4HRE1LI.bX4HlNAG/ I N J D  YCO 
2 /  I I N J D  330 

40 FORMAT I99X5F10.4 I I N *  360 
10 FORMAT I 44X5HALL 4f10.4 I I N J O  310 
60 FORMAT I / I  5X39HINPUT TO INJECTION D I S T R I B U T I O N  PROGRAM1116X9HCOWINJD 3 8 n  

l S T A N T S / / l 4 X l $ H N U U I E R  OF OMEGAS I I3//14X2OHNUMBER OF ELEMENTS e I 5 r l N J D  39u 
1 1SH FOR EACH OF 14. 2OM S V W E T R I C  SECTIONS. 1N.m 3 9 1  
2//14XZ2HRAOIAL D I V I S I O N S I X M I  I CS.O/ / l~XZ4MANWLAR O I V I S I O N S  I X N I  I N J O  400 
3 ~ F 1 ~ O / / l 4 X t T M A C O U S T I C  MODE NUMBCRfSVN# -F7&//14X3WOROER OF BESSEINJD 410 
4L F U I K T I O N S I V I  rn F 3 4 / / 1 4 X l ? H I N J C C T O R  RADIUS *F0.3.5H* l N ~ / / l 4 X 3 Z H l U J O  420 
5lA11D Of  S C E C I F I C  MEATStWWAl .~?.4//14X9)WII*XIMUN PRESSURE A M P L l l N J O  450 
LTUDE R A T I O I P O O I  .F?.3///14X~9HlRANSFER FUWCTIOWS FOR L I N E A R  O P E R A l l N J O  440 
? I Q ) I / / 2 O X 1 6 H W E S S U I L o  .FT.3//2OX2)WRADIAL V E L O C I T Y I T F L R I  =F?.YINJD 4 5 0  
$/IZOX2?HTANQCNTIAL V C L O C I T V I T F L T I  DF7.3 I 11150 460 

I O  FORMAT I/ TX 5FZ0.4 I I U J D  480 
90 FORMAT I///lOXl9MCLCYENT INCORMATION I I N J O  490 
I00 FORMAT l / /31X?HLLCMENTl4X6~AOlUSl5~5HANGLEl lX lZHOISTRlBUTION/9OX INJO 500 

lIlWCOE~FlClEN1/34X3HNO~l?X3HIN~lS~?~RAOIANSl5~2~// I I N J D  510 
110 FORMAT O 2 X l 5 r l ~ X ~ 1 0 ~ S r l O X F l O ~ 4 ~ l l X F l O ~ 4  I I N J D  520 
120 FOmAT I l H l / / Z 6 H  TABULAR NONLINEAR E~~ECTS//llXU(?RESSUREl1XlOHCa((lNJO 5 3 0  

lBUSTIONl2X6MRAOIAL1ZXlO~O~USTI~lOX~~HlA~ENllALlOXlWCOMBUS~IONIN.IO 5 6 0  
Z / 5 l X ~ ~ V C L O C I T V ~ 2 X 8 H V C L O C l T Y ~  9X 3 1 1 2 ~ E R l U R ~ A T I O I ( I 3 ~ 4 ~ A I N ~ 2 X l  I I N J D  5 5 0  

130 FORUAl I 6 I f l O . Y * ? X I  I INJD 560 
140 CORMAT I / / Y 3 X b 5 H M * @ 4 * * * * * *  T M S E  VALUES PERTAIN TO A STANOING MOINJO Y7n 

b.W8..... 1 I N J D  5Eld 
$90 FOlYAT 0/9¶X65H*********** THESE V I L U E S  PCRTAIN TO A SPINNING MOIUJD 590 

1DE 0*.400e4ee 1 IMJO 600 
I N J D  610 1 6 0  CORMAT l23X42HTHE VALUE Of 12211 IS ZERO AN0 NOT ALLOWLOI 

110 FORMATl29X45HVALUE OF I E S S E L  ARGUMENT TOO HIGH OR LOW 2 * Fl0.41 I N J D  620 
C INJO 630 

100 DSCRO 1 I N I D  LLO 
I F  I .WT. I N N  I GO TO 190 l N l D  f ' *  
cc - 100.0 I N J D  663 
oscm = 2 I N J D  610 
Ob TO 200 'NJD 6 0 0  

W C I I I  = 1.0 I N 1 1  7 0 0  
zoo T I M e  1 I N I D  710 

R I N J  rn OAT11191141 I N J D  7 2 0  
ME = D A T A O 9 7 1 l  + O o O O O 1  I N J 0  I N J D  730 7 3 1  
NS * O A T A O I  + 0.0001. 
NUMBR 0 D A T A l 9 9 9 9 I  + 0.OOOt I N J D  7bO 
12211 * DATA121 I N J D  1 5 0  
K V +0.0001 I N J D  760 
K K = K + l  f N J 0  ? 7 3  
L 2.K - 1 I N J O  7 8 0  

S U I R W T  I NE I N J D l  S INJO i o  
C I N J D  20 

TO COYAT i t /  i on inwwui  m c o u E m c i E s  I I N J O  470 

190 NW 1 I ~ I  In 690 

Y . L + t  IUJD 790 
N . Y * 2  i N J n  a n 0  
IC I E1 .LE. 0.0 I E l  = 0.0001 141n e 1 3  
I F  I k W R  .LE. 0 I NUMBR s 10 I N ) ?  P'O 
I F  I CE .LE* 99.0 I GO TO 260 I N J L  810 
CALL PAGE I 70 I I U J D  840 
WRITE l b r 6 O l  N W ~ N E ~ M S . X H ~ X N r S V N ~ V ~ R l N J ~ G A U M A ~ P O O ~ T F L P ~ l f L R ~ l F L T  I N J D  8 5 0  
GO TO l 2 2 0 e Z 1 0 l ~  OSCRB I N J O  060 

210 WRITE 16.70) I N J O  8 7 0  
w n m  1 6 m 1  IWCIIYI. IW - L.NWI INJD 8 8 0  

220 LIMLNT 0 I N J D  1 9 0  
DO 240 J e l * # E  I N J O  900 
I F  I L I W M T  rGTm 01 GO TO 290 I N J D  910 
CALL PAGE I 90 I I N J O  9 2 0  

WRITE t b * l D O l  I N  I I ,  9 4 0  
L I N K N l  . 50 I N J D  9 5 0  

230 WRITE Ib.110) J e  R R I J I I  T H A T A I J I t  U I J I  INJO 9 6 0  
L I N K N T  9 L I N K M I  - 1 I N J O  910 

240 COkTlNUE I N J O  980 
GO TO lZ60r250l~ OSCRI I N I O  990 

250 WRITC 16.1201 I N  J D I  000 
WRITE lb*190 l  lIPPlIl~OPPIIl~IPRIIl~OCRIIl~IP?lI~~OPT~I~~t~l~~~I I N J D l n l C ,  

C X X X X X I I ( X X X X X X X X X X X X X X X X X X X X X X I I X X X X X X X X X X X X X X X X X X X X U X X X X ~ X ~ X X X X X X X X X X X X X l N J O l O Z 0  

C COPFFlCIENTS AVRv BVUI AND CVN ARE FUNCTIONS OF TME FREOUENCV~ONEGA. INJOIO~0  
C TW?!RW(ME* AW W E G A  LOOP UUSI BE ESTABLISHEO. OIHERUISL. T H I S  LOOP INJD105'l 
C IS GOME TMROUGH ONLY W E .  I N J n 1 0 6 0  

260 BO 470 I W  - l e  MW I N  JD I080 
WCR W C I I W I  lNJDlO9O 
voo m/i~awwwcw I N  J D 1 1 0 0  
SUMP e 0.0 l N J D l 1  IO 
sum e 0.0 1 Y J 0 1 1 2  0 
)u*l 0 0.0 I N J D l I 3 O  

I N  J O I  I*O LIRI(W1 s 0 
DO 450 J m l r  RE I M J O I  I50 
R e R R I J I / R I I J  I N  JO1 I60 

I N J O l l l O  

I N J O l I 9 0  

WRITE I b r90 l  i ~ i n  9 3 0  

C RUNMINO O ~ S C R I B I M G  FUMCTION I U P L I E S  PHAT THE EXPANSION I N J O 1 0 3 0  

c x x n n x n x x x x x x x x x x x x x n x x x x n x x x x x x x x x x x n x x x x x x x x x x ~ x x x x x x x x x ~ x x x x x x x x x x ~ ~ ~ t ~ J o i ~ ~ o  

c ~ ~ ~ a a a ~ ~ o ~ ~ ~ o a ~ ~ a ~ ~ ~ ~ ~ ~ o a ~ ~ + o ~ ~ e ~ e ~ o e e e e ~ ~ e e ~ ~ ~ o o ~ o ~ ~ ~ e ~ ~ ~ ~ e o ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  
C TML CALL TO BPSSEL R ~ ~ I ~ E ~  THE DEFI#ITIW( OF T#t REAL PORTION 
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C OC THE ARGUMENTo Z l l l s  AN0 THE IMAGIMARV PORTIONv 2121 FOR A I N J O 1 2 0 0  
C GIVEN ORDER V *  THE OUTPUT OF 8CSSEL O W E S  dORlZll* J O I i Z 2 l .  J l R l L l l v  I N J O l Z l O  
C J l I l Z 2 1 s  e... J V R l Z l I r  J V I I Z Z I .  TMERECORE~ THE ANSWERS WILL BE lNJOlZ2O 
C STORE0 I N  THE FOLLOWING FASHIONr J I V - 1 1  0 F I R S T I C ) *  J I V I  * I N J 0 1 2 3 0  

KERR 0 0 
Z l l l  = S V W R  
z 1 7 1  0.0 
CALL BESSEL I PIRSTIl)* S E C O N O l l l o  KXI z f I ) B  KERR I 
I F  I KICRR I 2701270a950 

I 
I 

I 
I 

Z l t l  0.0 
CALL BESSEL I F I R S T l l l r  S E C O N O l l l r  KKv 1111, XLRR I 
I F  I KERR I 280~200~959 I 

300 0 = I F I R S T I M I W I R S T I M I  + f 1 R S T I L ~ * F l R S T l L I  I I Z . 0  I 

310 0 I I F l R S l I M I * F I R S T I M I  - F ~ R S T I L l * I I R S T I N I I 0 3 ~ 1 4 1 ~ ? / l 2 ~ O . O A T A I ) ) I I  

2 E O  GO 10 l 2 9 0 ~ 3 2 0 1 r  T I M E  r 
2 9 0  I F  I K JOOe0001310 I 

GO TO 320 I 

320 I F  I IZZIT ) ' 3 3 0 ~ 9 6 0 ~ 3 4 0  I 
~xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx~xxxxxxxxxxxxxxxxxxxxx1 

cxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx~xxxxxxxx~xxxxxxxxxxxxxx1 
C I Z Z I T  IS NEGATIVE COR STANOIKI MODES h)(D POIITIVI COR SPINNING YWES 1 

330 V I  * V * T H A l A f J l  
CVT I COSIVT) 
SVT * S I N I V T )  
GO TO 350 

340 CVT 1.0 
SVT = 1.0 

350 f P  1.0 
FR 9 1.0 
FT * 1.0 
GO TO I420~3bOlr OSCRB 

360 PO = A B S I W O . S I V N W V T I  
VO = A8SIVOO.OSIVN*CVTI  
WO L A 8 S I V 0 0 * S I V W V * S V T / R l  

B -A 
I F  I TFLP I 370~310*3TO 

370 SAVEP * I ~ O I I S ~ I C 1 5 9 H O . T F L P I  
CALL I N T G R I A ~ 8 ~ P S I * M I J M D R I  
C P S I  9 C O S I P $ I l  
I P X  W W P S I  

A - -9.14159 

400 
410 

sum S U M  + T E l M  
TEWT e - E T A ~ F T ~ S I V W ~ Z * C V T . Y . S V I I R  
SUM1 * SUM1 + TERM1 
T IME = 2 
GO TO I Z Y O r 4 3 O l ~  OSCRB 

CALL PAGE I 70 1 
WRITE I 6 r l O l  
LIWKNT * 50 

LINKNT I L I N K N T  - 1 

00 0 
I F  IIZLIT .GTa 0 )  80 9 0 IZ .O  
A V N I I W I  I SUMCIOO 
8 V N I I W I  I SV*R/OO 
I F  IIZLIT -61. 01 GO TO 460 
C V N R I I W I  m SUMTIW 
C V N I I I V I  3 0.0 
GO TO 470 

460 CVNRI IWI 8 0.0 
cvmiirwl a SUMYIOO 

4 3 0  I F  I LINXMT . O l e  0 I GO TO 440 

440 WRITE 16r201 WCRI JI R e  T H A T A I J I ~  ETAS CP. CR$ F l  

4 5 0  CONTINUE 

470 comirmuc 
I F  ICE e L t .  10.0 I GO TO 930 
CALL PAGE I 70 I 
WRITE 1 6 ~ 5 0 1  
GO TO l410*490ls OSCRB 

GO TO 500 
4EO WRITE 16.501 A V N I I  I *  8 V N l l  1 9  CVNRI 

490 
500 
510 

GO TO 530 
$20 WRITE 16.1501 
Y30 CO)(TIMUE 
540 RETURN 
550 WRITE lbsl7Ol 2111 

GO TO 540 

GO TO 540 
EN0 

560 w m e  I 6 ~ 1 6 0 l  

1 I ?  C V N I l l  I 

WRITE 16;401 
I F  I tZZIT I 310~560e520  
W R I T C l b r l 4 O I  

I W C I I I B  A V N I I I r  8 V N I I I r  C V N R I I I .  C V N I I I I ,  

n 

n 

N 
N 

N 
N 
N 
N 
N 
N 
N 
N 
M 
N 
N 
N 
N 
N 
N 
w 
1 
N 
N 
N 
N 

LI 
LI 
Ll 
12 
L ?  
13 
L l  
13 
13 
13 
13 
L I  
!J  
13 
14 
14 
14 
14 
14 
11 
14 
4 

14 
14 
19 

I N J O l 5 l O  
INJol520 
INJ01590 
I N J O l 5 4 O  
INJO1550 
IMJD15bO 
1NJ01510 
I N J D 1 5 1 0  
INJQ1590 
INJolbOO 
I NJOlb 10 
1NBlbZO 
INJDlb30 
I N J O l b 4 0  
I N J O I 6 5 O  
INJOlbbO 
INJOlb70 
1 W l b S O  

INJO1700 
I N J O l T l O  
1NJO1720 
I NJOl T I  0 
I N J O l T 4 0  

I N  J O l T 6 0  
INJD1770 
INJD1780 
1NJO1790 
I NJo1000 
I N J D l I 1 0  
I N J O l 8 2 0  
INJO11)SO 
1 N J o l 1 4 0  
1NB1050 
IMalIbO 
INJOlITO 
IN501810 
I N J O 1 1 9 0  
I N J O 1 9 0 0  
I N J O 1 9 1 0  
I N J O l 9 2 0  
INJo1930 
I N J 0 1 9 4 0  
I N J O 1 9 5 0  
I N J 0 1 ? 6 0  
I N J O 1 9 7 0  
INJo1900 
IMJOlWO 
1NJO2006 
I MJOZO 10 
1Nm2020 
INmzOYo 
I N J D t 0 4 0  
INJ02050 
INJO2060 
I N J 0 2 0 7 0  
INJDZOIO 
INJo2090 
l N J o 2 1 0 0  
lNJOZll0 
I N J O Z 1 2 0  
I NJO2 I30  
I N J D 2 1 4 0  
1 NJOZ150 
IN J O 2 l  b0 
I MJo2 1 70 
I N J O Z l I O  
I NJOZ 190 

I*l.NW I INJOZZOO 
I N J O Z Z l O  
INJo2220 
I N J D Z Z J O  
I N J 0 2 2 4 O  
1 N J D 2 2 5 0  
INJD22bO 
INa2270 
1NazZBo 
INJO2290 
I NJD23OO 
IRJo2310 

I Y J O R I ~ O  

rm~oi750 
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0 
0 

BCII 

M Y  

W R l  
020 

061 

021 

R 2  

GZZ 
RY 

- _  - 
i X 6  621.4 
ST0 COWOW15 
ST0 COWMOW16 
CLA 0 
STO CL 
CLA I 
STO CL+l 
CLA I R A 1  
ST0 0 
L?TY 
CAL 
S T I  
COW 
ACL 
STO 
CLA 
ALS 
STO 
CLA 
L W  
T SX 

T XL 
LW 
Cwc 
ST0 
LW 
cyc 
CAD 
rcn 
STO 
CLA 
CALL 
I R A  
TXL 
pw( 
XCA 
? A 0  
ST0 
LW 
CLA 

TLO 
1 RA 

CLA 
L L I  
TXL 
CLA 
c w  
STO 
CALL 
LW 
To5 
S TO 
CLA 
LW 
LLS 

me 

Lns 

Loo 

m 
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BLSI(Wl0 
BLSSOMO 

BCSSoo*O 
BLSow5O 
BCSIOOLO 

I L S S O O ~ O  

ncsswso 

ncssooia 
ocssoo*o 
BLSS0100 OESSOllO 

BLSS0120 
BLSSO1YO 
BE5SOl40 
OtSSO150 
o c s s o i ~ o  
nCsSolT0 
R f 5 i ) O l @ O  
*CSSOI~O 
OtSSO2oo 
0css0210 
ncssotzo 
BLs502sO ~essobt~o 
B C S S O Z ~ O  
BLSS0240 
R ~ S S O ~ T O  
ecssozao 
IIESSOZ*O 

BLSSO5ZO 
ocsso¶¶o 
B C S S 0 ~ 5 0  
Bcsso¶co 

Bcsso~oo oesoosia 

oessosw 

B ~ S S O Y ~ O  
~LSSOIIO 
nessoiio 

messtwo 

Bcssoa*o 
BtssWto 

o c s w w o  

KSSWOO 
BLSSO410 
BCSSMZO 

B C S S ~ O  
ICSSM50 

BEISMOO 

OESS0500 
OLSSO5 IO 
*csso¶zo 
BCSSM¶O 
BLSSO54O 
BISSOS~O 
BISSO~~O 
~ e s s o s i o  
B~SSOIIO 
oessosto 

B e u o u o  

*cssouo 
Brssowo 

IIESS06OQ 
OCSS06IO 

B L S ~ ¶ O  
neq*Ql40 
oLssoL5o 

nLSoQl.0 
BCSSw*O 
BLSW700 
Bcs50110 
ItSSD710 
BCS5013O 
BCSSO740 
ILSSO?¶O 
9CJS0760 
BCSSOTlO 
BLSSOTEO 
9cs~oT9o 
ncssoow 
BtSSOI10 
ecssoaio 
BLSsOn¶O 
I)CSSOO~O 
BESSOIIO 
BesSoI60 
ecssooio 
~)cssonoo 
eessomo 
ocssomo 
eessowo 
eessowo 
Ecss0930 
BLSSO94O 
BC SI0950 
BLSW900 
acsSOI10 
scsso*ao 
(tessowo 
e.tss1ow 
ntssioio 
oessioto 

aessio~o 

ecssioeo 

8CSSlO¶O 
Bi?ss1040 

BLSSIOLO 
BCSS1070 

BLSSlO9O 
B C S S l l W  
BLSSSl10 
BLSSlI~O 



R 4  

Ob3 
R I O  

BO.) 

BbB 

CLbb 

I b T  

061 
Z be 

AO@O 
OT 1 

R t 4  

F Z l  

R15 
VYX 
MCTWJ 

0?4 
0T5 
E X I T  

a m  

BCOX 

TU2 
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FAD 
S t 0  
LXA 
CLA 
LW 
TSX 
ST0 
STO 
STZ 
STZ 
L XO 
SXO 
CLA 
ST0 
? A 0  
ST0 
CLA 
COP 
ST0 
CLA 
COP 
STO 
C I A  
P S I  
FA0 
SI0 
CLA 
COP 
S TO 
CLlr 
COP 
ST0 
CLA 
F S I  

STO 
C L I  
cm 
1x1 
rxn 
LOI  
C W  
CY)  
XCA 
c1p 
LXO 
L IA  
S?tb 
Lbo 
**r 
C l b  
M A  
CW 
STO 
LXD 
CLA 
TLC 
1 SX 
LXD 022.4 
CLA P g b  
Lms 1 
tzc  CXlT 
LLS 1 
COU 
ACL 11 
ALS 19 
ICL C r n + l T  
1x1  AIOO~IP-S 
T X f  ITl.Z*-Z 
S l b  RI5 
STO BT1 
CLA CQIIQ**l6 

LLS 0 
TLQ WlW8 
CLA 12 
cm LOCI 
JTO C m + Y  
ACL C 2  
ST0 cmmn+. 
STZ Cbw*bl+, 

LW Cowma*ll 
TSX OIV.4 
ST0 cowma+e 
sta cmmo1(+9 
CLA 012 
LOO 1 * 2  
TSX YUL?*4 

C S I  0-212 
ST0 292 

FSO 0-192 
ST0 1.2 
CLA COIQ*+ I  
1x1 R l S * 2 ~ - 2  
TXH R l 4 * 2 i +  
TXL EXf190.. 
TSX VMZZ14 
1x1  1)14.1*-2 

r ~o 

LOQ Lsrx 

CLA c m + i s  

STO c m + a  

CLA coyyoII+a 

t i t  O T S * Z ~ - Z  
txn Y C T H ~ * ~ , *  
LXO Biz.* 
TRA OF0 
LXD G21.2 
LXD GZOrl 
CLA CL 
sto 0 
CLA CL91 

TRA 494 
CLA C o * * 0 * + ¶ 9  
LbB CO*m)Wal6 
bX0 6 2 2 ~ 4  
T X I  l.O*4Cl 
SXD VYX.4 
C L A  TV?I  
ST0 C-I 
STZ C- 
CLIL 10 

STO m 

tw I 
le2 I*L 
m2.4 

-L f V W N  I 
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Y M 2 2  
Y M I  

LOC4 
L I 1  
O ILER 
L S I X  
P l V 2  
L P I  
T V P I  
CL  
9F8 

RFOb 

RES59 

BESSb 

BESS7 

RF81  
B F 8 2  

Rep 
LOO COMMON+Ib 
T Z X  01V.4 
C.10 rfV4MON+6 
5 1 0  COMMON+7 
I R A  YMS 
SXO VMX.4 
CLA COMWON+b 
LOP COWON+7 

S T 0  COMWN+9 
CLA 0.1 

TSX OlV.4 
S T 0  COMMON 
STO COMMON+I 
CLA 2.1 
STO COMYON+B 
CLA 3.1 
SI0 COMMON+9 
CLA 0.1 

TSX OIV.4 
ST0 COMYON+O 
S I P  C o m D N + 9  
CLL 0.2 

TSX MULT.4 

FSB COUMON 
ST0 2.2 
CLA COMUON+3 
FSB COMMON+I 
ST0 3.2 
LXO YMX.4 
T R A  l r 4  
OEC 4. 
OCT 1000001 
OEC .5772156649  
OEC 6. 
OEC 1.570796325 
OEC 3.14159265 
OEC .63661977236  
BSS 2 
LO1 R F B l  
CLA 1.4 
TPL 080 
STA B F 8 2  
ACL WF84 
STA OFO2+I 
ARS 18 
S T A  I F 8 3  
ACL l l F 1 4  
STA B F 8 3 + l  
CIIL 2.4 
A 0 0  OF84 
PAX . I  
A X 1  O r 2  
CLS* RF17*I 
FSB+ RF83  
XCA 
FMP I C 8 5  
STO. B F I Y  
CLA* BC82 
P S I *  B F 8 3 + 1  
XCA 
FMP BF85 
S T O I  B F O W I  

1 x 1  RFSZ9*2.-2 
C L W  B F 1 2  
FA00 BF13+1  
XCA 
FMP BF83  
XCA 
CLS* OF13 
S T W  I F 8 3  
FSB+ OFOZ+I 
XCA 
FMP RF15  
510. RF13+1  
CLS+ BFOZ 
L O W  B F 8 2 + l  

510.  OF82 
7NX B8Oe1-1  
7 x 1  BESS6e2e-2 
<LA+ BFB2+1 
FAD* BF83  
XCA 
FMP O F I S  
STO* E F 8 3  
C L S I  OFB2 
STO. B F I Z  
FAD4 BF83+l 
XCA 
FMP B F 8 5  
STO* BF83+1  
CLS* BCIZ+l 
5109 BF82+1 
TNX B 8 0 ~ 1 r l .  
1 x 1  BESS7.2,-2 
CLL+ B F 8 2  
FSR* BF11+I 
XCA 
FMP RFR5 
XCA 
CLA* OF83 
S T W  B F 8 3  
FAD+ RF12+1 

sin COMMON+O 

Loa 1.1 

Loa i r i  

L o a  

sTa COMUON+~ 

TNX n8o.i.i 

STO* RFIIWI 

1K3 

INnl C.4 TOR< 
L I J I  

E X I T  
L I J I  

L I J I + I  

L I Y I  

L l Y I + l  

- I  J 
-RY 

RKO 
R J  
- 1 Y  

1 KO 

-RJ  
IY 

-RY 
RK 1 
-1J 

1K1 

I J  
RY 

RK2 
-RJ 

I *  

R J  
-1v 

R Y  
RK3 
I J  
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RES52430 

RTSS74'0 
B E 5 5 7 4 6 0  
BESS2470 
BESS2bEO 
RE5S2490  

BES52510 
RESS25ZO 

BE152540 
BESS2590 
RES52560  
BESS2570 
RES52580  
BESS2990  
RES12600  
BE 552 61 0 
RES52620  
BESS2630 
OE552650  
OESS2650 
BESS2660 
DES52670  
BESSZIBO 
BESSZ690 
BESS2700 
BESS2710 
B E 5 5 2 7 2 0  
BESS2730 
I L S S 2 7 4 0  
RE5SZ750 
RESS7760 
~ ~ ~ 5 7 ' 1 7 0  
S E S S ~ ~ E O  
OESS279O 
BESS2800 
B E S S Z I I O  
BESS282O BESS2030 

BESSZ140 
BESS2I5O 
9ESZ2860  
r)FSS2870 
RESS2080 
OESS2190 
8ESS2900  
BESS2910 
RESS2920 
B E 5 5 2 9 3 0  
R€SS7940  

RES52960  
BESS2970 
B E 5 5 2 9 8 0  
9ESS2990  
9FSZ3OOO 
BESSIOIO 

BESS3030 
AESS3040 
BESS3050  
BESS30bO 
BESS3070 

OESS309O 
B F S 5 3 1 0 0  
SFS531  10 
RESS3120 
BESS3130  
OES53IbO 
RESS31 IO 
RES53160  

BESS3180 
BESS319O 
BESS3200 
RFSS3Z lO 
OESS3ZIO 
RESS1230 
RES53240  
RE5S1750  
BESS3260 
BESS3270 
BESS3ZOO 
BESS3290  
BESS3300 
BESS3310  
BESS3320 
OESS333O 
OESS3340 
BESS135O 
rFZq3360 
BFSS3370  

OESS3390 
OESS3400 
BESS3410 
DESS3420 
B E 5 5 3 4 3 0  
B E 5 5 3 4 4 0  

BFSc 4460 
9FC%*470  
RESS3480 
RFZZ1490  

R E S C 1 5 1 0  
BEFC3520 

BESZ3540  
BESS3IS0 
BE5535 60 

BESS.3580 
B€SS11)90 
DES53600 
eF<<?blO 
OESS36?0 
OESS3630 

RFSS~UO 

ncs5zIoo 

R E S S ~ J ~ O  

BESSZPSO 

i w c q t o z o  

oEss3qro 

R E S ~ ~ I ~ O  

OESSIY~O 

O E Z S ~ ~ J O  

nEsq3)no 

R E S S ~ S ~ O  

0 ~ ~ ~ 3 5 7 0  
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BC13 

SF14 
BF14 
B C V  

A 2 1  

X R I  
A63 
P23 
A 1 1 9  

A 2 1  

xc4  

CY4 

C25 

F l  

A23 

A24 

Ab8 
Ab9 

BF7V 

PCZO 

- 

STO 
STP 
sxo 
sxo 
SXO 
CLA 
STO 
CLA 
ST0 
CLA 
ST0 
ECTY 
CLA 
TPL  
CLS 
LOP 
S T 0  
SlO 
CLA 
LOP 
L L S  
TLO 
LOP 
TXL 
CLA 
FOP 
CLA 
LRS 
S TP 
TLO 
CLA 
TSX 
T U  
S I P  

COMMON+3 
CoYyON+b 
XR4.4 
COY(MNrl4 $ 2  
XRI.1 
O 
L F S T  
8 
LF S T + l  
T R A l  
B 

1 * 4  
A 2 1  
COMMON+b 
coMf4oN*s 
CoHYON*b 
COMYoN*5 
CoumlNC5 
SMCON 
0 
A53 
TEN 
A119*Ot* 
CoHMON*b 
COY*O**’) 
L T N 3  
0 
COMMOM*? 
c1 . _  
COMyON*6 
WY3C.4 
ERR2.O 1. 

CoyLIoN*3 
SI0 CM*coc(*4 
CLA COMWN+5 
CALL COSlCO*YOY*5I 
XCA 
FYP Coym)w*3 
ST0 COYYON*9 
CLA CMIY(Y*B 
CALL S I N I C W M N * S I  
XCA 
CYP 
CWS 
ST0 
CLA 
LOP 
SSP 
L I S  
TLO 
XCA 
$10 
XCA 
FUP 
ST0 
LXO 
GAL 
COM 
ACL 
STA 
ALS 
STO 
CLA 
ARS 
SSP 
A 0 0  
FA0 

TLO 
CLA 
FAD 
UCA 
ST0 
FAD 
S TO 
CAL 
ALS 
COY 
AOY 
ADY 
STA 
ALS 
ST0 
STO 
ST0 
S TO 
CLA 
TZE 
CLA 
SSP 
LW 
T L P  
CLA 
TRA 
CLA 
LXA 
STO 
STO 
SIZ 
5TZ 
CLA 
F A 0  
STO 
ACL 
ST0 
ST2 
CLA 
LW 
TSX 
STO 
S T Q  
CLA 
LOP 
t s x  
STP 

Loa 

fsn 

0 
A23 

CoYUON+9 

L Y V 2  
CO*YWI+B 
XR4.4 
1 r4 

L 1  
C o m M n  
1 I  
A 1 0  
114  
I O  

Cl 
C l  
C o y I o I I * 1  
A24 
COHMON*8 
TEN 
C l  
C ~ * l O  
c1 
CdwYOw*l 
C 6 m M I * I O  
1 

L 1  
COWON 
c o w * * 2  
11 
A4 1 
A32 
A43 
A 3 1  
COMMON49 
BC7X 
COYMON*b 

LOCZ5 
Ab1 
A2 
Ab9 
A2 1 
ComOY+2 11 
2 S l  
3 ~ 1  
411  
5.1 
COUMON*l 
L O C l  
COMYON+l 
c 2  
COMM6)(+8 
COMMON+9 
2 * 1  
9.1 
W L T ~ 4  
COMMON+8 
CO*UoII+9 
c O w m * s  
C 0 M m 1 6  
OIV.4 
COm01(*10 
41 I 

L I Y I  

P l f t  

R I COS1 2 t t 

IICOSlLt I 

3CLP 

I-Jl 
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BESS3640 
BESSYblO 
BESS3bbO 
BLSSJb70 
BESS3b80 
BESS3b90 
BESS3700 

RESSYTZO 
RESSJ730 
BESS3740 
BE553750 
BESS3760 
BESS377O 
BESS3780 
llESS3190 
BLSS3100 
BESS31IO 
BESS31tO 
OESSJOJO 
BE553040 
BESS3050 
BESS31bO 
BESS3170 
B E s s Y ~ ~ o  
BLSS3190 
BLSSl9OO 
BESS39lO 
BESS392O 

RESS~TIO 

BESS3930 BESS394O 

BLSSWSO 
BESSS96O DES53970 

BEIS3980 
BLSS3990 
BLISS000 
BESS4010 
BCSS4OZO 
BCSs4030 
BLSS4040 
BLSS4050 
BE554060 
BCSS4070 
OESS4000 

BC554l60 
BESS4110 
BLSS4120 
BESS4130 
BCSS4140 
BCSS4lIO 
B f  SS41bO 
BCSS4170 
BESS1110 
RCSS4190 
B ~ S S 4 2 0 0  
BCSS4210 

LILSUIID 

O L S S ~ ~ Z O  
B E S S ~ Z ~ O  
BCSS4240 
OESS42SO 
8ESS4ZbO 
BE114270 
BESS4280 
BCSS4290 
OESS4YW 

RFS54320 
Bcss4Yso 
11354340 
BESS43SO 
BLSS43bO 
BESS4370 
BESS4SIO 
BLSS4390 
BLSs44OO 
BESS4410 
BESSW20 
BEIS4430 
BESS4440 
BESS4450 
BESS44bO 
BESS4470 

8ESS4490 
BESS4500 
BESS45lO 
BESS45ZO 
(ILSS4S30 
BLSS4540 

BESS45bO BESS4570 

DESSI580 
BCSS4590 
B ~ S S 4 6 0 0  
MSS46lO 
OCSSIb20 
BESS4630 
BE554640 

BESS4bbO 
RESS4bTO 
IIESS4610 
BE554690 
BESS47W 
BESS47lO 
BESS4720 
DES54730 
BESS4740 
BE SS4750 
BESS4760 
BESS477O 
BCSS4TOO 
BLSS4790 
BCSS4800 
r)ESS4110 
BES.14120 

RESS4840 

n c s s m o  

acsswao 

O L S S ~ S ~ O  

OESS4650 

O E S S ~ ~ ~  
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' 1  \ 
c l  A 
I I, 

r rri 
ti A 

i r r  
F 'P 

TXL 
"I A  
1 -a 
I X 4  
5 T Z  
5TZ  
TLO 
C L  A 
TRb 
CLA 
S T 0  
ACL 
9 T O  
CLA 
HPR 
F A 0  
S T 0  
CLA 
* 1 R  

13 
I K l  
T X H  
LXA 
XCA 
FMP 
FFD 
S T 3  

I *+r 
F :Q 
S T 0  
C L I  
LOO 
TLO 
CLA 
c TO 
< T I  
CLA 
LOO 
S T 0  

C L A  
L DO 
T 5% 
5TO 
TTb 
c L 4  
L no 
T 5X 
F i n  
c I? 
1 x 1  
T X H  
LXA 
LXD 
5TZ 
T X l  
T X I  
T X H  
I xn 
f L d i  
I QL 
LX* 
CLS 

5 1 0 
S l l  
CLS 
<TO 
CLS 
S TO 
CLS 
100 
S T O  
FTO 
T X I  
1 X H  

L x u  

LXO 
CL4 
510 
CLA 
srn 
TPA 
CLA 
LOO 

T X I  
L X I  
C I  4 
510 

T X l  
i l l<  

T XL 
<To 
S T 0  
S<P 
LR5 
T I  n 
X C I  
T l r  
C I  1 
F RP 
< T O  
FMP 
F 4 n  
X C A  
FYP 
$10 
L n a  

L no 

sin  

L n n  

L xn 

L xn 

*,r7 

FNP 

-J 

C I D  

DEN 

RCSS5A70 
RESS568O 
EESS5690  
BESSS700 
EESSS7 10 
BESS57Z0 
PFC*.S7?0 
UF " 3 7 4 0  
l F  \'.S750 
9F5SS760  
RFqS5170  

Pf 5 s s 1 9 0  
EESS58OO 
RFSS5Ol 0 
R E S S S 8 7 0  
MESS5830  
RE5SS840  
ar,r**)o 
RES55860 
s F q v . a i n  
EESSS880 
R F F q w q n  
nFsssvoo 

R E S S S V ~ O  
R E S S ~ V ~ O  

~ E S S S W O  
nEsswno 

R E S S S ~ ~ O  

R F 5 9 S P l O  
RES95920  

AESSSVSO 
RESS5960 

BESSS990  
RF SS6000 
nFS%bOlO 
BESS6020 
BC SS6030 
OESSbObO 
RES56050 
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035 
F 3 1  

036 

n F x  
R R 1  
0 3 7  
0 3 9  
B88 
040 

041 
F 3 0  

1x2 
0 4 4  

RR3 

MULT 

t4T 1 

M I  2 

MT3 

OOK 

SP1 

TPZ 

OK 

SVE 
I FST 
T R A I  
CON2 
A2 
A2 1 

F A 0  
FOP 
STO 
LOO 
FUP 
F S q  
TXL 
CLA 
FOP 
STQ 
FMP 
FA0  
XCA 
FMP 
STO 
LOQ 
FMP 
FA0 
FOP 
STO 
LOO 
FMP 
CMS 
FA0  
FOP 
CLA 
T R A  
STO 
ST6 
FMP 
s TO 
LW 
FMP 
STO 
LOO 
FMP 
FSB 
STO 
LOO 
FMP 
F A 0  
XCA 
CLA 
P R A  
STO 
STO 

COMMON+9 
COMMON+13 
COMMON+ll 

COMMON+9 

R R 3 r O r V  
COMMON+ll 
COMNON+lO 
COMMON+lZ 
COMMON+12 

cowowiz  
couuon+@ 

L o r i  

COMMON+lO 
COMMON+13 OEN 
COMMON912 
COMMON+P 
COMMON+8 
COYMON+l3 
COMMON+ll 
COMUON+IZ 
COMMON+8 

COMMON+9 
COMMON+l3 
c 0 w o N + 1 1  
1 9 4  
COMMON*lO 
COMMON+ll 
COMMON+9 

COMMON+11 
COmON+II 
COMMON+lI A 0  
COMMON+IO 
C O M W * 8  
COMMON+12 
COMmN+12 
COMMON+lO 
COMMON+9 
COMMOI(+11 

COMMON+12 

COMMON+12 no 

M T 4  

1.4 
S P I L L  SVE 

SVE+ l  
CLA 0 
LRS 21 

T R A  SP1  
RNO 

T R A  ERR2 
LLS 3 
L I T  
T U 1  QOK 

TRA* 0 
LOO SVE+ l  
TRA* 0 
L L S  1 
LBT 
TRA SP2 
T R A  ERR2 
L L T  1 
TZE OK 
CLA LZ 
I R A *  0 
CLI. SVE 

85s 2 
BSS 2 
T R A  S P I L L  
OCT 2 0 0 7 7 7 7 7 7 7 7 7  
OCT 1400000000 
OCT 100400000000 

OEC 75. 

L n T  

LnT 

Loa LL 

mi* o 

n F r  in. 

.. 
C ?  
L O C l  
L Z  
L l  
L 7  
L T N J  
LOCZ 
L l V P  
L F S B 4  
LFAO4 
TMCON 
HY3F 

HY3F1 

FAOrFSBrFMP 0.F. OR U.F. 
FOP U.Ft OR 0.F. 

OVERFLOW 

0.F. 

TEN 
LOC25 
ti OCT I ~ ~ o o o o o o n o n  

OCT i o o n n n n n o n  
OEC 1. 
PZE 0 
OEC 1 
OEC 2 
OEC e 0 3 4 9 2  
OEC 2. 
OEC 1.5 
FSB 4.1 
FA0  4.1 
OCT iobononnnon 
LAS H Y 3 F l  10 EXP-4 
T R A  MY3F1+3 UNOERFLOW IMPOSSIBLE 
T X I  M Y 3 F l + l . 0 * 2 6 5 3 1  OCT 1636430..... 1E-4  
LOQ HY3F2 SMALL ARGUMENT APPROXlMAl lON 
TRA 2.4 
STO COMMON 
SSP 
LOO HY3F3 
TLQ 1.4 
LOO MY3F4 
TLQ HY3FA 
LOO COMMON 
FMP COMMON 
STO COMMON+l 
FA0 HY3FS 
XCA 
FMP COMMON+l 
FA0  MY3F6 
FOP HY3F7  
FMP COMMON+l 
FA0 H Y l F Z  
STO COmON+Z 
C L I  COMMON+l 
FA0 MY3F8 
XCA 
FUP COlWON+l 
FA0 MY3F9 
FOP H V W l O  
FWP COMHON+I 
XCA 
FMP coyuow 

88.028 
ERROR 
L N  212 

X SQUARE0 
30 

X SO 
360 
720 
x sa 
1 
COSM X 
x sa 
42 

X SO 
040 
$040 
x so 

BESS6060 
BESS607O 
BESSLOIO 
BESSIOIO 
BESS6100 

BESS6120 
BESS6l lO 
IESS6140 
BESS6140 
BESS6160 
BESS6170 
B E I S 6 1 8 0  
BESS6190 
BESS62OO 
BESS6210 
BESS6220 
BtSS623O 
BESS6P40 
BESS6250 
BESS6260 
BESS627O 
nESS6ZIO 
BESS6290 
BESS6300 
BLSS6310 
BESS6320 
!JESS1330 
BESS614O 
BESS635O 
BESS6360 
BE SS63TO 
BESS638O 
BESS6390  
BtSS6400 
BLSS14 10 
BESS6420 
BESSH30 
EESS6440 
BESS6450 
RESSL46O 
RESS6470 
BESS64 IO 

BESS65OO 
BESS6510 
BESS6520 
BEIS6530 
!JESS6940 
(JESS6550 
OCSS6560 
BESS6570 
RESS6580 
BESS6590 
BESS6600 
BESS66 10 
BCSS6620 
'WSS6630 
B E 5 5 6 6 4 0  
BESS665O 
BESS6660 
BESS6670 
BESS66EO 
BESS6690 
BE556700 
dESS67lO 
BESS6720 
OESS6730 
BESS6740 
BE536750 
RESS6760 
EESS6770 
BESS6700 
RESS6790 
R E S S I 8 0 0  
BESSIE  10 
RESS6820 
EESS603O 
nESs6840 
BESS6050 
BESS6l6O 
BESS6870 
BESS68I)O 
BESS6090 
BESS69OO 
BESS6910  
BESS6920  
BESS6930  
EESS6940  
EESS6950 
BESS696O 
B E 5 5 6 9 7 0  
BESS6980 
B E 5 5 6 9 9 0  
BESS7000  
eESS7010 
BESS7020  
BESS7030 
BESS7040  
RESS7050 
BESS7060 

BESSTOIO 
BESS709O 
B E S S l l O O  
BESS7110  
BESS7120 
BESS7130 
BESS7140  
BE557150 
BESSTl iO 

BESS7180 
BESS7190  
BLSS7200 
BCSS7210 
BESS7220 
BESS7ZSO 
BESS7ZbO 
BFSSTZSO 
8ESS7260 

ncssLi i o  

n c s s ~ 9 0  

B E S S ~ O ~ O  

ntss7i?o 
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F A0 
7 9 1  

M V I C 4  L9S 
sun 
STA 
MPV 

acssn L I S  
ALZ 
S T O  
LRS 
S T O  
MPI 
510 
ADD 
510 
CLA 
DVD 
STQ 
LDQ 
MPV 
L L S  
SUI) 
ADD 

S TO 
CL 
L W  
vor 
X C I  
ORA 
FAD 
A00 
S U I  
sro 
CLA 
FDD 

XCA 
F l h  

sun 

sra 

S G  

Loa 

nvwc Loa 

CLA 
*SI) 

LLS 

TRL 
W 3 F 2  DCC 
HV3F3 OEC 

H V 3 F l  OEC 
MV3F6 FEC 
HVYF? OFC 
YV3FO OEC 
MV3F9 FCC 

W V ¶ F l 1  OCT 
H V W l Z  OEC 
HV3Cl ’ J  OCC 

H V Y W  OCT 

n w i o  OFC 

EXC X IN ACI OlVlOC 8 V  2 

COMMON*4 
COMMON+Z 
CONMOW4 
COYyMI+l SIN X IN AC 
c o w  
0 S l W  X I N  4c 
C w W d y I 2  
a 14 E X I T  

1- 

YO. 
Y60. 
T 2 0 .  
4?. 

$040. 
142 

in.ota 
1TT442?10¶00 LN Z I Z ~  m*PI olopoooaooo~~ 

140. 

- . . . . . 
8CSST8SO 
OESSTObO 
BCSSTISO 
8 C S S T l ~ O  
OCSSTITO 
8 L S S T I ~ O  
RCSST190 
n e s s 7 9 0 0  
I)ESST110 

S E N T I V  V8050 

SOAT4 
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NOTE: SUBROTJTTNE CHANBER  FORMS ProsT OF THE LOGTCAL AXD co~mm~ 
FUlTC’i?OI~S OF AN AUTONONOUS 1 8 T N  l’RCGRAl!. COI‘ITROL TS F1E”PJED 70 
THIS i?RCGFWl IF AFID ONLY TF AIJ TNJECTOR ROUTTIIE TS REOTI’TQET,, 
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CRUX = C RUN OF R RUN OR A +JIJ 
I 
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I J 

I 

TO DATA RLOCK FOR "'ELAHS" OR I'D 

I 1 
SET UP I I P U T  DATA FOR "CCC" 

I I 
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I 
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ENTRY = TRANS 

DECK H'iXN 

1 o f  2 

IH RUN = C H ~ O  I 

CALcILLnTE HIGH-ORDER TABLE 
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DECK KYMN 

2 of 2 

BEGIN CALCE$ATIONSZFOR EACH FREQUENCY: I 2" Snh - InT 

ZVALUATE 6 ImGRALs BY SINPSON'S 

CALCULATE FTEST-OFLDER SOLUTlON %, 11 
(OR BOOLEtS) FOR.MJUI; 

J 

CALCULATE SECOND-ORDER SOLUTION 

INCLUDTIJG INJECTOR EJFFICTS 

I I I J 
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ENTRY E DDD 
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Figure 10. Imaginary P a r t  of Radial  Veloci ty  Admittance Coeff ic ien t  
Versus Axial  Distance 
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Figure 13. Rela t ionship  of Various Transverse Modes on t h e  n ,  r-Plane 
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I. INTRODUCTION 

. .  
The purpose of Phase I of t h i s  program w a s  t o  determine? t h e  s t a b i l i t y  

c h a r a c t e r i s t i c s  of va r ious  i n j e c t o r s  us ing-h igh  combustion chamber p re s su res  

w i t h  t he  cryogenic p r o p e l l a n t s ,  hydrogen and oxygen. 

t h e  most p a r t  were cha rac t e r i zed  under previous programs a t  Aeroje t ,  NASA, and 

o t h e r  government subcont rac tors .  The remaining des ign  f e a t u r e  t o  be eva lua ted  

on the  coax ia l  i n j e c t o r  was t h e  e f f e c t  of i n j e c t i o n  dens i ty  on combustion 

s t a b i l i t y .  

i n  an annular  combustion chamber. 

Coaxial  i n j e c t o r s  f o r  

This  e f f e c t  w a s  eva lua ted  dur ing  t h e  test po r t ion  of t h i s  program 

Combustion s t a b i l i t y  c o r r e l a t i o n s  based on S e n s i t i v e  T i m e  Lag Theory 

r equ i r e  an accu ra t e  d e f i n i t i o n  of t h e o r e t i c a l  cons idera t ions .  

p a r t  of t h e  i n v e s t i g a t i o n  necessary t o  advance cu r ren t  knowledge i n  combustion 

s t a b i l i t y  w a s  t h e  advancement of S e n s i t i v e  T i m e  Lag Theory. 

t h e  b a s i c  theory w a s  t h e  add i t ion  of terms t o  account f o r  higher  combustion 

chamber Mach numbers and an ex tens ion  of t h e  cu r ren t  model t o  inc lude  t h e  

t o r o i d a l  o r  annular  combustors. 

Consequently, 

A refinement t o  

As p a r i  of t h e  experimental  program an ,exper imenta l  t o o l ,  t h e  "Transverse 

Exc i t a t ion  Chamber," w a s  designed and t h e  f e a s i b i l i t y  of using t h i s  t o o l  t o  

measure ' t he  frequency s e n s i t i v i t y  of a p a r t i c u l a r  i n j e c t o r  demonstrated. 

Many pre l iminary  des igns  were eva lua ted  p r i o r  t o  t h e  s e l e c t i o n  of t h e  

designs f a b r i c a t e d  and t e s t e d  on th i s -program.  

Phase I w a s  scheduled f o r  1 2  months of t e c h n i c a l  e f f o r t ,  b u t  w a s  extended 

t o  15 months t o  inc lude  a d d i t i o n a l  hardware f a b r i c a t i o n .  

Page 1 
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11. SUMMARY 

The s t a b i l i t y  c h a r a c t e r i s t i c s  of  two i n j e c t i o n  concepts t o  be  used i n  

advanced i n j e c t o r s  f o r  high chamber p r e s s u r e ,  hydrogen/oxygen systems were 

determined on t h i s  phase of t h e  program. 

were: c o a x i a l  w i th  c e n t r a l  o x i d i z e r  and 30" included ang le  f u e l  impingement; 

and t r i p l e t  i n j e c t o r s  w i th  60" included angle  oxidizer-fuel-oxidizer  p a t t e r n .  

The two i n j e c t i o n  concepts t e s t e d  

A n a l y t i c a l  model developments were advanced f o r  t h e  S e n s i t i v e  T i m e  Lag Theory, 

and a r e sea rch  t o o l  termed "Transverse E x c i t a t i o n  Chamber" w a s  demonstrate&. 

A n a l y t i c a l  model developments included expansion and refinement of  t h e  

e x i s t i n g  S e n s i t i v e  Time Lag model t o  i n c l u d e  annular  combustion chambers and 

i n i t i a t i o n  of  a n a l y s e s  t o  i n c l u d e  feed system coupled p res su re  o s c i l l a t i o n s  

as encountered wi th  t h e  s t aged  combustion system. 

The second major t a s k  cons i s t ed  of t e s t i n g  i n j e c t o r  p a t t e r n s  i n  an 

annu la r  t h r u s t  chamber. I n j e c t o r s  designed and f a b r i c a t e d  f o r  t h i s  task 

included one c o a x i a l  and two ve r s ions  of one b a s i c  t r i p l e t  element p a t t e r n .  

The c o a x i a 1 , i n j e c t o r  w a s  p a t t e r n e d  a f t e r  a n  i n j e c t o r  t e s t e d  on Contract  

NAS 8-11741, except  t h a t  t h e  i n j e c t i o n  dens i ty  ( t o t a l  p r o p e l l a n t  flow rate p e r  

p r o j e c t e d  i n j e c t o r  f a c e  area) w a s  n e a r l y  doubled. 

pa t t e rned  a f te r  a design being considered f o r  NASA's Advanced Cryogenic Rocket 

Engine. The major d i f f e r e n c e  between t h e  two v e r s i o n s  of t h i s  i n j e c t i o n  

p a t t e r n  i s  t h a t  one h a s  n e a r l y  t w i c e  t h e  i n j e c t i o n  dens i ty  of  t h e  o t h e r .  

Seven tests on t h e  c o a x i a l  i n j e c t o r  were made under t h i s  t a sk .  

i n j e c t o r s  w e r e  a l s o  f a b r i c a t e d .  

The t r i p l e t  i n j e c t o r s  were 

Two t r i p l e t  

The t h i r d  major t a s k  cons i s t ed  of t h e  design,  development, and demon- 

s t r a t i o n  of a r e sea rch  t o o l  , t h e  "Transverse E x c i t a t i o n  Chamber ." 
combustor i s  a v a r i a b l e  ang le  s e c t o r  chamber t h a t  can be v a r i e d  from 9 t o  36" 

and is  used t o  determine the  r e l a t i v e  s e n s i t i v i t y  of i n j e c t i o n  elements t o  

i n s t a b i l i t y .  S ix  tests conducted wi th  t h i s  combustion chamber y i e l d e d  prel imi-  

nary r e s u l t s  on i t s  e f f e c t i v e n e s s  as a r e sea rch  t o o l .  

This 
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11, S-knmary of Program (cont . )  

A d e t a i l e d  a n a l y s i s  of combustion s t a b i l i t y  d a t a  obtained during t h e  

t e s t i n g  of t h i s  program is  included i n  t h h  r e p o r t ,  and c o r r e l a t i o n s  wi th  

r e s u l t s  from tests conducted on o the r  programs were made. Considerable 

i n j e c t o r  des ign  s t u d i e s  were conducted on t h i s  program. 

Page 3 
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111. TASK I: ANALYTICAL MODEL DEVELOPMENT 

A. ANNULAR COMBUSTOR ANALYSIS 

F 

Analy t i ca l  t a s k s  on t h i s  program included the  ex tens ion  of t h e  

b a s i c  Sens i t i ve  T i m e  Lag model f o r  c y l i n d r i c a l  combustion chamber t o  inc lude  

annular  chambers. 

combustion system w a s  a l s o  made. 

A pre l iminary  a n a l y s i s  f o r  t h e  gas-generator-fed s taged  

The a n a l y s i s  f o r  t he  annular  combustion chamber f i t s  i n t o  t h e  b a s i c  

framework of t h e  c y l i n d r i c a l  chamber a n a l y s i s ;  a few minor modi f ica t ions  are 

required.  

us ing  sepa ra t ion  of  v a r i a b l e s  technique t h e  s o l u t i o n  is: 

I n  t h e  genera l  s o l u t i o n  of t h e  p re s su re  pe r tu rba t ion  equat ion  by 

Three ord inary  d i f f e r e n t i a l  equat ions f o r  P ( z ) ,  lJo(r) and 0 ( 0 )  0 0 
are obtained.  

The s o l u t i o n  f o r  t he  annular  combustion chamber case i s  concerned 

with t h e  s o l u t i o n  of $o ( r ) .  The d i f f e r e n t i a l  equat ion  f o r  lJo ( r )  i s  a Bessel 

where : Jv = Bessel func t ion  of t h e  f i r s t  kind 

Yv = Bessel func t ion  of t h e  second kind 

S = t h e  t r ansve r se  mode number 
Vrl 

By consider ing t h e  c y l i n d r i c a l  chamber case and t h e  i n n e r  w a l l  f o r  

t h e  annular  case sepa ra t e ly  and so lv ing  t h e s e  two r e l a t i o n s h i p s  s imultaneously 

Page 4 
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111, A, Annular Combustor Analysis  (cont . )  

I 

The s o l u t i o n  of t h i s  equat ion de f ines  t h e  t r ansve r se  a c o u s t i c  

This equat ion  has  been so lved  i n  f o r  annular  chambers. %ll , mode number, 

published l i t e r a t u r e  and va lues  of S 
vrl 

w i l l  a l ter  t h e  frequency of  t he  t r ansve r se  mode from t h e  c y l i n d r i c a l  case. 

The ex ten t  of t h i s  a l t e r a t i o n  is  shown i n  Figure 1. 

are l i s t e d .  Annular combustion chambers 

The conf igu ra t ion  of t h e  exhaust nozz le  a f f e c t s  t h e  nozz le  admittance 

c o e f f i c i e n t  i n  much the  same manner as f o r  t h e  c y l i n d r i c a l  combustion chamber 

nozzle.  The a n a l y s i s  f o r  t h e  annular  nozz le  i s  d i f f e r e n t  p r imar i ly  i n  t h e  

determinat ion of t h e  l o c a l  con t r ac t ion  r a t i o .  This is  accomplished i n  the  

computer program by inpu t ing  both t h e  i n n e r  and ou te r  r a d i i  of t h e  chamber 

and t h r o a t . .  

B. STAGED COMBUSTION MODEL 

The system s e l e c t e d  f o r  t h e  s taged  combustion model c o n s i s t s  of 

(1) p r o p e l l a n t  feed system, (2) primary combustor, (3)  secondary combustor, 

and ( 4 )  a tu rb ine .  The approach taken w a s  t o  assume t h a t  t h e  engine design 

parameters are given. The i n s t a b i l i t y  zones are then c a l c u l a t e d  for t h e  

secondary combustor, f o r  assumed va lues  of t h e  primary combustion parameters 

(np, T ) and t h e  t o t a l  time l a g  of  t h e  h o t  gas  -rFS. The s h i f t  of t he  i n s t a -  

b i l i t y  zones as t h e s e  combustion parameters are v a r i e d  shows t h e  n a t u r e  of  t he  

i n t e r a c t i o n  between t h e  two combustors. 

P 

The f i r s t - o r d e r  a n a l y s i s  involves  t h e  fol lowing assumptions: t h e  

p rope l l an t s  are incompressible ,  t h e  feed l i n e s  are s h o r t ,  t h e  combustion is 

concentrated a t  t h e  i n j e c t o r ,  and mean chamber Mach numbers are s m a l l .  

As a genera l  r e s u l t  of t h i s  a n a l y s i s ,  i t  has  been observed t h a t  t h e  

t o t a l  t i m e  l a g  i s  from 6 t o  10 times l a r g e r  than t h e  Tens i t i ve  t i m e  l ag .  

Page 5 
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111, B, Staged Combustion Model (cont . )  

Consequently, f o r  f requencies  of i n t e r e s t  t o  h igh  frequency i n s t a b i l i t y ,  t h e  

e f f e c t s  of t h e  feed  system terms w i l l  tend t o  average over t he  f i n i t e  l eng th  

of t h e  combustion zone. S ince  t h e  t o t a l  time l a g  inc ludes  the  time requi red  

f o r  a tomiza t ion ,  vapor i za t ion ,  mixing, and hea t ing  of t h e  p r o p e l l a n t s ,  some 

i n t e r a c t i o n  is  l i k e l y  i n  high p res su re  engines  -- p a r t i c u l a r l y  i n  the  secondary 

combus t o r .  

- -  
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IV TASK 11: ANNULAR THRUST CHAMBER ASSEMBLY TESTS 

Annular t h r u s t  chamber assembly hardware cons i s t ed  of three-  major 

components: (1) i n j e c t o r  with a t t ached  a x i a l  centerbody, (2) combustion 

chamber, and (3) annular  nozzle .  

combustion chamber, t h r e e  were f a b r i c a t e d  and one t e s t e d .  A 600-element 

t r i p l e t  i n j e c t o r  t o  d e l i v e r  60,000 l b  t h r u s t  with a t o t a l  p r o p e l l a n t  weight 

flow of 180 l b / s e c  w a s  f a b r i c a t e d ,  and a 200-element t r i p l e t  i n j e c t o r  t o  

d e l i v e r  20,000 l b  t h r u s t  wi th  60 l b / s e c  t o t a l  p rope l l an t  weight flow w a s  a l s o  

Of t h e - i n j e c t o r s  designed f o r  t he  annular  

f ab r i ca t ed .  

element c o a x i a l  i n j e c t o r  w a s  designed, f a b r i c a t e d ,  and t e s t e d  f o r  comparison 

To e v a l u a t e  t h e  e f f e c t  of i n j e c t i o n  dens i ty  on s t a b i l i t y  a 54- 

with i n j e c t o r s  prev ious ly  b u i l t  on Contract  NAS 8-11741. 

t h e  centerbody a t t ached  i s  shown i n  F igure  2 and again i n  Figure 3 as assembled 

p r i o r  t o  t e s t i n g .  

This i n j e c t o r  wi th  

The combustion chamber and centerbody were a b l a t i v e l y  cooled and both 

centerbody and chamber converged t o  form a t h r o a t .  

t h ree  pu l se  guns, e i g h t  high-frequency p res su re  t ransducers  and t h r e e  s t a t i c  

pressure  t ransducers  were loca ted  on t h e  combustion chamber, 

Two pyrotechnic  i g n i t e r s ,  

Tests'were conducted a t  mixture  r a t i o s  from 4 t o  6 and chamber p re s su res  

of from 1500 t o  2500 p s i a  a t  a cons t an t  p r o p e l l a n t  weight flow of 180 l b / s e c .  

Table 1 shows t h e  r e s u l t s  from t h i s  t e s t i n g .  

. Each i n s t a b i l i t y  p a t t e r n  observed during t h e  annular  t e s t i n g  w a s  nea r ly  

i d e n t i c a l  i n  i t s  form and w a s  i n i t i a t e d  by t h e  20-grain charge,  using a 

t a n g e n t i a l  pu l se  gun. The peak-to-peak overpressures  of t hese  i n s t a b i l i t i e s  

ranged from 800 t o  2000' p s i .  

on t h e  a c o u s t i c  v e l o c i t y  va lue  f o r  each test condi t ion.  

The frequency w a s  approximately 2500 Hz, depending 

T e s t  No. 7 ,  us ing  200°R hydrogen, experienced -- i n  add i t ion  t o  i t s  

high-f requency i n s t a b i l i t y '  -*- a low-frequency (500 Hz) o s c i l l a t i o n  which 



Report 206 72-PISF 

I V ,  Task 11, Annular Thrust  Chamber Assembly T e s t s  (cont.)  

. .  

a t t a i n e d  an amplitude of 750 p s i .  

frequency (100 Hz and 100 p s i )  i n s t a b i l i t y  on T e s t  No. 3 ,  t h e r e  was no o t h e r  

i n d i c a t i o n  of a coupling between t h e  f e e d l i n e s  and t h e  combustion process .  

should b e  po in ted  o u t  t h a t  t h e  l a r g e  p r e s s u r e  drops ac ross  t h e  i n j e c t o r  f a c e  

due t o  t h e  s m a l l  o r i f i c e  des ign  r e s u l t  i n  s i g n i f i c a n t  hydrau l i c  r e s i s t a n c e s  

i n  t h e  c i r c u i t .  

Except f o r  one b r i e f  occurrence of a low 

It 

The e f f e c t  of  chamber Mach number w a s  eva lua ted  i n  t h i s  series of  tests 

by comparing r e s u l t s  with test results from Contract  NAS 8-11741. 

Mach numbers used were 0.176 and 0.29. 

The two 

This  v e r i f i c a t i o n  o f  t h e  Mach number as a n  important c o r r e l a t i n g  para- 

meter, t o g e t h e r  w i th  t h e  work of NASA’s L e w i s  Research Center ,  has  l e d  t o  t h e  

s e l e c t i o n  of  s i x  des ign  parameters as being important  i n  combustion s t a b i l i t y  

eva lua t ions .  These parameters are f u n c t i o n a l l y  r e l a t e d  by t h e  fol lowing 

formula: 

f S  

Mc 

di 

where : 

- - 
’critical 

’C 

F 

1/3 
(’c’’iri t i cal 

F 

S e n s i t i v e  frequency (hz) 

Chamber Mach Number 

I n j e c t i o n  o r i f i c e  diameter o f  
least  v o l a t i l e  p r o p e l l a n t ,  inches 

Cr i t i ca l  p re s su re  of  least 
v o l a t i l e  t i m e  c o n t r o l l i n g  
p r o p e l l a n t ,  p s i a  

Chamber p r e s s u r e ,  p s i a  

Function of the  v e l o c i t y  r a t i o  
and impingement angle .  This  
func t ion  i s  n o t  de f ined  f o r  t h e  
nonimpinging showerhead c o a x i a l  
element:. 
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IV, Task 11, Annular Thrust  Chamber Assembly Tests (cont . )  

This  formula may be used by a des igner  i n  h i s  pre l iminary  work t o  develop an 

i n j e c t o r  conf igu ra t ion  whose s e n s i t i v e  frequency i s  d isp laced  from t h e  f i r s t  

t a n g e n t i a l  a c o u s t i c  mode of t h e  t h r u s t  chamier. These f i r s t  o rder  estimates 

may then be  combined wi th  t h e  a n a l y t i c a l  r e s u l t s  of t h e  s e n s i t i v e  t i m e  l a g  

computer program t o  o b t a i n  a more d e t a i l e d  engine configurat ion.  Of prime 

importance is  t h e  o v e r a l l  t r e n d s  which may be observed from changes i n  any of 

t h e  s i x  des ign  parameters.  

Page 9 
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v. TASK 111: TRANSVERSE EXCITATION CHAMBER TESTING 

The concept of a t r ansve r se  e x c i t a t i o n  w a s  o r ig ina t ed  a t  Aero je t  on a 

Company-sponsored Independent Research and Development program t o  eva lua te  

transverse modes of p re s su re  o s c i l l a t i o n  ( t a n g e n t i a l  i n s t a b i l i t i e s )  and 

s imula te  t h e  p re s su re /ve loc i ty  e f f e c t s  as experienced i n  a rocke t  combustion 

chamber. 

i n  t h e  following paragraphs.  

The t r ansve r se  e x c i t a t i o n  chamber t e s t e d  on t h i s  program i s  descr ibed 

The e x c i t a t i o n  chamber cons i s t ed  of t h r e e  p r i n c i p a l  p a r t s :  (1) chamber, 

(2) nozzle ,  and (3) i n j e c t o r  i n s e r t s .  The chamber i s  a 36" s e c t o r  of a circle 

2-1/4 inches  i n  he igh t .  

36" s e c t o r  of the.30-inch r ad ius  r e s u l t s  i n  a fundamental acous t i c  frequency 

i n  t h e  t r ansve r se  mode a t  1800 Hz. The smallest chamber angle  was 9", which 

r e s u l t s  i n  a chamber a c o u s t i c  frequency of 7000 Hz. 

(2.17) inches  l i m i t s  t h e  a s soc ia t ed  a c o u s t i c  frequency t o  g r e a t e r  than  13,000 

Hz. A s i n g l e  chamber design was used and the  chamber angle  w a s  v a r i e d  by 

i n s e r t i n g  steel  wedges i n  t h e  combustion zone t o  achieve  the  des i r ed  angle .  

The O-ring-sealed chamber l i d  i s  removable t o  f a c i l i t a t e  va r ious  i n j e c t i o n  

concepts;  a b l a t i v e  l i n e r s  and t h r o a t s  w e r e  u s e d . t o  p r o t e c t  t h e  areas most 

vu lnerable  t o  e ros ion .  

A drawing of t h i s  chamber i s  shown i n  Figure 4 .  The 

The he igh t  of t h e  chamber 

Two t r i p l e t  i n j e c t o r s  were designed and f a b r i c a t e d  f o r  t e s t i n g .  One 

w a s  an l l-element t r i p l e t ,  and t h e  o t h e r  w a s  a three-element t r i p l e t  similar 

t o  t h e  l l -e lement  t r i p l e t  design i n  all- but  t he  o r i f i c e  diameters.  

of t h e  l a r g e r  o r i f i c e  s i z e  w a s  t o  determine t h e  e f f e c t  of o r i f i c e  diameter  o r  

t h r u s t  per  element on combustion s t a b i l i t y .  .Only t h e  l l-element i n j e c t o r  

i n s e r t s  were t e s t e d  during t h i s  program. 

is  shown i n  Figure 5. 

The purpose 

A photo of t h e  l l-element i n j e c t o r  

Tes t ing  of t h e  t r ansve r se  e x c i t a t i o n  chamber w a s  conducted t o  measure 

the  growth rates of spontaneous i n s t a b i l i t i e s  or  decay rates of  pulsed p res su re  

pe r tu rba t ions .  

Page 10 
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V ,  Task 111, Transverse Exc i t a t ion  Chamber Test ing (cont.)  

Mixture r a t i o s  of around 4 and chamber p re s su res  of 1300 t o  1400 p s i  

were eva lua ted  during t h e  test series. 

tests t h e  f u e l  va lve  w a s  i nope ra t ive )  a t t a i n e d  these  condi t ions  and bo th  

experienced spontaneous i n s t a b i l i t i e s .  

650 db/sec,  while  t h e  o t h e r  test had two d i s t i n c t  growth pe r iods .  

occurr ing a t  t h e  onse t  of t h e  i n s t a b i l i t y ,  had a 600 db/sec  rate, whi le  t h e  

second growth per iod came a f t e r  thermal  i g n i t i o n  of t h e  40 gra in  p u l s e  charge 

had d i s rup ted  t h e  i n i t i a l  i n s t a b i l i t y .  

Two of t h e  t h r e e  v a l i d  tests ( i n  t h r e e  

One test exh ib i t ed  a growth rate of 

The f i r s t .  

Its growth rate was 330 db/sec.  

From t h e  da t a  obta ined ,  t h e  i n d i c a t i o n  i s  t h a t  over t h e  frequency range 

of 3000 t o  4500 Hz t h e  t r i p l e t  element shown i n  Figure 3 has a peak response 

a t  3300 Hz (see Figure 4 )  a t  t h e  s p e c i f i e d  s t eady  s ta te  condi t ions .  

response frequency, when r e l a t e d  t o  T by t h e  r e l a t i o n s h i p  

This  peak 

compares favorably  with previous c o r r e l a t i o n s  of  T f o r  t h i s  type of i n j e c t o r .  
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V I .  CONCLUSIONS 

1. 

f a c t o r  w a s  examined and was found t o  have a r e l a t i v e l y  minor e f f e c t  which 

appears t o  be  r e l a t e d  t o  t h e  s e n s i t i v e  frequency as fol lows:  

The u s e  of combustion chamber Mach number as a s t a b i l i t y  c o r r e l a t i n g  

- - S e n s i t i v e  f requency '  
S 

f 
Chamber Mach Number 

I n j e c t i o n  o r i f i c e  diameter of least 
v o l a t i l e  p r o p e l l a n t  ( inches)  

Crit ical  p r e s s u r e  of least  v o l a t i l e  
p r o p e l l a n t  ( p s i a )  

- - Chamber p r e s s u r e ,  (ps ia )  

- Function of t h e  v e l o c i t y  r a t i o  and 

- - 
- MC 

di 

Perit  

pC 

- 

- - 

- F 
impingement ang le  . 

2. 

were pure f i r s t  t a n g e n t i a l  modes pulsed  a t  a comparatively low shock l e v e l  

(20 g r a i n s ) .  This  i n d i c a t e s  t h a t ,  f o r  t h e  ope ra t ing  parameters ,  t h e  combustion 

process  was c l o s e  t o  i t s  spontaneous o s c i l l a t i o n  regime. 

For t h e  annular  chamber tests, a l l  recorded high frequency i n s t a b i l i t i e s  

3. 
previous tests wi th  a c y l i n d r i c a l  chamber i n d i c a t e s  a h ighe r  va lue  f o r ' t h e  

s e n s i t i v e  t i m e  l a g  (T) and, correspondingly,  a lower s e n s i t i v e  frequency 

va lue  ( s i n c e  T = z) . 
design is  considered (see Figure 2 ) .  

The inc idence  of pure modes r a t h e r  than t h e  mixed modes noted  wi th  

This  conclusion is  l o g i c a l  when t h e  annular  chamber 

P lac ing  t h e  centerbody i n  t h e  i n j e c t o r  

has two e f f e c t s :  

r a d i a l  modes, and (2) t h e  i n t e g r a t e d  e f f e c t  of p r o p e l l a n t  i n j e c t i o n  (mass 

d i s t r i b u t i o n )  i s  over l a r g e r  r a d i a l  d i s t a n c e s  -- o r  i n  a zone of g r e a t e r  

t a n g e n t i a l  a c o u s t i c  mode s e n s i t i v i t y .  

(1) t h e  centerbody acts as a n  e f f e c t i v e  b a r r i e r  a g a i n s t  t h e  

Page 1 2  
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VI, Conclusions (cont . )  

4. 
necessa r i ly  i n d i c a t e  a reduct ion  i n  p re s su re  i n t e r a c t i o n  index ( t h e  s e n s i t i v e  

t i m e  l a g  term, n) .  

due t o  t h e  f a c t  t h a t  pure  modes are i n i t i a t e d  a t  lower n va lues  than  are the  

combined modes. I n  f a c t  i t  i s  a n a l y t i c a l l y  theor ized  t h a t  t he  p re s su re  i n t e r -  

a c t i o n  index, n,  w a s  approximately t h e  same f o r  both t h e  c y l i n d r i c a l  and t h e  

annular  chamber coax ia l  i n j e c t i o n  test  phases ( t h a t  i s  equal  t o  approximately 

0.5). 

The f a c t  t h a t  lower pulse  charges t r i g g e r e d  i n s t a b i l i t y  does no t  

This  apparent  increased  combustion s e n s i t i v i t y  could be 

5. The e x c i t a t i o n  chamber has  p o t e n t i a l  as a s t a b i l i t y  r a t i n g  t o o l  which 

w i l l  g ive  many inexpensive tests and w i l l  eva lua te  many s i n g l e  parameter 

c h a r a c t e r i s t i c s  of an i n j e c t i o n  p a t t e r n .  A complete spectrum of f requencies  

can be evaluated;  s h o r t  duraqion tests are adequate t o  eva lua te  a n  i n j e c t o r .  

I n j e c t o r  modules are inexpensive and e a s i l y  rep laced;  t h e  removable chamber 

l i d  permi ts  t e s t i n g  of long i n j e c t i o n  elements ( i . e . ,  t u b e l e t  o r  HIPERTHIN), 

s e rv i c ing  of t h e  combustion chamber p r o t e c t i v e  coa t ing ,  and removal and 

replacement of wedge i n s e r t s .  

6 .  It i s  recommended t h a t  dynamic h igh  frequency t ransducers  be f l u s h  

mounted f o r  proper  wave desc r ip t ion .  

7. It is  recommended t h a t  t he  t r ansve r se  e x c i t a t i o n  chamber as a research  

t o o l  be used ex tens ive ly  t o  e v a l u a t e - t h e  e f f e c t  on combustion s t a b i l i t y  of t h e  

var ious  i n j e c t i o n  parameters ( i .e. ,  i n j e c t i o n  v e l o c i t i e s ,  v e l o c i t y  r a t i o ,  f u e l  

temperature o r i f i c e  chambers, i n j e c t i o n  d i s t r i b u t i o n ,  e t c . )  on a v a r i e t y  of 

. i n j e c t i o n  concepts  (i.e:, t r i p l e t s ,  q u a d l e t s ,  coax ia l ,  HIPERTHIN, e t c . ) .  These 

tests should se rve  as a - s i n g l e  parameter v a r i a t i o n  t e s t  and should eva lua te  a 

range of des ign  and test condi t ions  t o  determine optimum opera t ing  condi t ions  

f o r  combustion s t a b i l i t y  and performance f o r  a given i n j e c t o r  design.  
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VI, Conclusions (cont . )  

8 .  It i s  recommended t h a t  a l imi t ed  number of v e r i f i c a t i o n  tests be 

conducted using convent ional  c y l i n d r i c a l  o r  annular  combustion chambers t o  

eva lua te  t h e  i n j e c t o r s  t e s t e d  i n  t h e  t r ansve r se  e x c i t a t i o n  chamber i n  pu l se  

r a t e d  s t a b i l i t y  tests. 

determine c o r r e l a t i o n s  between convent ional  i n j e c t o r s  and e x c i t a t i o n  chamber 

r e s u l t s .  

These tests should s e r v e  as demonstration tests t o  

. 
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